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Abstract
Knowing the magnetic ﬂux behavior in a superconducting material is essential for a better
understanding of the superconductivity phenomenon. The magneto-optical imaging (MOI)
technique is one of the few techniques enabling the real time study of the local magnetic ﬂux
behavior in superconductors.
This work had several aims:
• Firstly, an eﬃcient MOI system enabling the study of superconducting samples at liquid helium temperatures had to be set up to replace the former limited MOI system in ISEM
(Institute for Superconducting and Electronic Materials). Indeed, the former MOI equipment
was equipped with a cryostat cooled down via a cryocooler in which functioning principle
was based on Joule-Thomson cycles of helium gas. This system had two main limitations: it
only made it possible to reach temperatures down to 20 K, and it induced strong mechanical
vibrations in the sample holder. These limitations had very disadvantageous consequences
for the MOI study of superconducting samples: Some phenomenon such as dendritic ﬂux
jumps occurring in MgB2 below 10 K could not be studied. In addition, due to the mechanical vibrations, the sample and the magneto-optically active layer had to be strongly pressed
on the sample holder in order to maintain them in place. This mounting pressure induced
mechanical stress in the magneto-optically active layer, reducing the accuracy and quality
of the magneto-optical images obtained with this system. To overcome these limitations,
another MOI cryostat was installed. The latest cryostat is cooled down with liquid helium,
eliminating the mechanical vibration and enabling the study of superconducting sample at
temperatures down to 1.5 K. Due due the numerous diﬀerences between the two cryostat,
numerous parts of the MOI equipment had to be changed or redesigned. The vacuum system

iv
was rearranged to enable us to recover the helium gas after its passage through the cryostat.
The positioning system was adjusted to the new geometry of the latest cryostat. A new ring
magnet was conceived and built to increase the intensity and homogeneity of the supplied
magnetic ﬁeld. The temperature control system was replaced. Finally, extra wires were
positioned in the new cryostat to supply current to the sample and allow the study of superconductors under a transport current. All these modiﬁcations combined with the advantages
of the liquid helium cooled cryostat mentioned earlier have enabled the acquisition of higher
quality magneto-optical images and enhanced the reproducibility of the results.
• Secondly, two computer programs were designed to enable the calibration of the local
magnetic ﬂux density and the quantiﬁcation of the local current density from the magnetooptical images. The calibration of the grey levels of magneto-optical images into local magnetic ﬂux densities is now possible by using an original user-friendly software. The quantiﬁcation of ﬂux density can now be done in two diﬀerent manners: a pixel-by-pixel method or
an averaging-pixel-cluster method. In the former, a unique calibration curve is calculated
for each pixel of the pictures, while the later uses the averaged light intensity of a cluster of
pixels for calibration. Although more rigorous than the averaging-pixel-cluster method, the
pixel-by-pixel method is very time-consuming and thus can only be used on small areas of
the pictures.
In addition, a second computer program has been implemented for the quantiﬁcation of the
current density in a superconducting sample. This program can be used on any thin ﬁlm
samples and provides both current density maps and current ﬂow contour plots (to visualize
the ﬂow direction of the current) from the calibrated MOI pictures.
• Thirdly, both MOI setups have been used to study samples of the three most promising
superconducting materials in terms of potential applications: MgB2 , YBCO (YBa2 Cu3 O7 )
and Bi-2223 (Bi1.72 Pb0.34 Sr1.85 Ca1.99 Cu3 Ox ).
MgB2 thin ﬁlms prepared by pulsed laser deposition with diﬀerent processing parameters
have been compared to help us understand the inﬂuence of the ﬁlm morphology on the
magnetic ﬂux penetration behavior. The microstructure of the ﬁlm was found to strongly
inﬂuence the pinning properties and the magnetic ﬂux penetration. This inﬂuence is espe-

v
cially visible when partial ﬂux jumps invade the ﬁlms in the form of dendrites at low ﬁelds
and temperatures. Under these conditions, the formation of abrupt dendritic avalanches
appears to be structurally driven.
The inﬂuence of the magnetic iron sheath on the ﬂux and current distribution in the superconducting core of MgB2 /Fe sheathed wires have also been investigated. Global magnetic
measurements indicated that the iron sheath shields the superconducting core from the external magnetic ﬁeld, improving its current carrying capabilities at low ﬁelds. A local study
of the current distribution in the MgB2 core done with the MOI technique has revealed a
redistribution of the supercurrents, although no overcritical currents (currents with a density
greater than the critical current density) were observed.
YBCO thin ﬁlms were studied in order to gain more insight into the eﬀects of the ﬁlm
morphology on the magnetic behavior. Samples produced with various techniques and with
diﬀerent microstructures have been visualized with the MOI technique. A key conclusion
from this work is that a smooth ﬁlm surface generally leads to higher critical current density.
Furthermore, a comparison of critical current density in mono- and multilayer YBCO ﬁlms
produced by pulsed laser deposition shows the beneﬁcial eﬀect of the multilayer deposition
method, especially for the use of YBCO thin ﬁlms at low temperatures.
Finally, by studying a set of Bi-2223 tapes with MOI and various material characterization techniques, optimal sintering conditions for their processing have been identiﬁed. The
temperature and cooling conditions of the last heat treatment were proved to be two critical factors determining the current carrying capabilities of Bi-2223 multiﬁlamentary tapes
though a complex interplay of Bi-2223 phase formation and crack healing processes.
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Part I

Introduction

Chapter 1

Introduction to superconductivity
and motivations
1.1

Brief history of superconductivity

The superconductivity phenomenon was ﬁrst observed in mercury by Heike Kamerlingh Onnes
[1911]. While studying resistivity in metals as a function of the temperature, he discovered
that the resistivity of Mercury drops to zero at a temperature of 4.15 K. Soon after this
discovery, the same sharp decrease to zero of the resistivity in other materials was detected;
the ﬁrst known superconductors had been discovered.
Superconductors are deﬁned by 3 critical parameters:
• The critical temperature (Tc ), in Kelvin (K): It is the temperature at which the
material goes from its superconducting state (under Tc ) to its normal state (above Tc ).
• The critical magnetic ﬁeld (Bc ) in Tesla (T): It is the external magnetic ﬁeld for
which the material goes from its superconducting state (below Bc ) to its normal state (above
Bc ).
• The critical current density (Jc ) in Amperes per square meter (A.m−2 ): It corresponds to the maximum current density value for which dissipation begins to occur in the
superconductor.
Until the 1980s, all the known superconductors had a low Tc , reaching a maximum of 23 K
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in Nb3 Ge [Patel and Dynes, 1988]. To be able to reach such low temperatures, one had to
use liquid helium, which requires substantial equipment for its manipulation, transport and
storage. This was limiting the potential applications of superconductor materials. However,
in 1986, Bednorz and Müller synthesized a new class of superconductors reaching a Tc of
30 K, 12 K above the record Tc at the time! The newly discovered material was a copper
based ceramic of the Bax La5−x Cu5 O5(3−y) system for x = 1 or 0.75 and y > 0 [Bednorz and
Müller, 1986].
Bednorz and Müller’s discovery was followed by a race to create higher Tc superconductors, now called high temperature superconductors or HTS. The compound commonly
named YBCO (YBa2 Cu3 O7 ) was synthesized by Wu et al. [1987]. It was the ﬁrst superconductor with a Tc above the liquid nitrogen temperature, widening the application potential
of superconductors, as liquid nitrogen is much cheaper and easier to handle than liquid helium. The next year, superconductivity at temperatures as high as 110 K was discovered in
Bi-2223 superconductors (Bi1.72 Pb0.34 Sr1.85 Ca1.99 Cu3 Ox ) [Tallon et al., 1988]. Today, the
highest known Tc at atmospheric pressure is 138 K for Hg0.8 Tl0.2 Ba2 Ca2 Cu3 O8.33 [Dai et al.,
1995].
In addition to the absence of resistivity, Meissner and Ochsenfeld [1933] observed the
diamagnetic properties of superconducting materials. Indeed, above Tc , superconductors are
as transparent to the magnetic ﬁeld as any non-magnetic materials. However, when cooled
down below Tc , the material enters its superconducting state and the applied magnetic ﬁeld
is expelled from its interior as shielding current begin to ﬂow inside the superconducting material. These shielding current are named Meissner currents and they ﬂow in a thin layer
at the surface of superconductors. The existence of this thin layer where shielding currents
ﬂow was theoretically demonstrated by London and London [1935a,b] from Maxwell’s equations. Their theory shows the rapid decay of the magnetic ﬂux density in a superconductor
sample within a layer of thickness λL : the London penetration depth.
In 1950, the Soviet scientists Ginzburg and Landau developed a macroscopic theory of
superconductivity, extending the London theory [Ginzburg and Landau, 1950]. From this
Ginzburg and Landau theory, Abrikosov [1957] found that superconducting materials
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can be divided in two groups:
Type-I superconductors : These materials, also called soft superconductors, are
characterized by an abrupt transition from the normal to the superconducting state when the
external magnetic ﬁeld is decreased below Bc . The Bc values are relatively low for this type
of superconductor. The type-I superconductor group includes mainly metalloids with signiﬁcant conductivity at room temperature. All soft superconductors are low temperature
superconductors (LTS).
Type-II superconductors : In contrast to type-I superconductors, type-II superconductors, also called hard superconductors, posses two critical ﬁelds: the lower critical
ﬁeld, denoted Bc1 and the upper critical ﬁeld denoted Bc2 . When the external magnetic
ﬁeld is increased above Bc1 , the material does not go into its normal state but instead, it
is penetrated by magnetic ﬂux lines or vortices. This state is called the mixed state or
Shubnikov phase from the name of the ﬁrst scientist working on type-II superconductors.
As the external ﬁeld increases above Bc1 , the magnetic ﬂux penetrates the superconducting material in the form of numerous vortices until the upper critical ﬁeld is reached, at
which point the material returns to its normal state. Type-II superconductors comprise
some metallic compounds and alloys, such as lead and bismuth alloys, and all the HTS
group. Due to their generally higher Tc , most of the superconductors suitable for potential
applications are type-II superconductors. Therefore, all the materials studied in this thesis
are type-II superconductors. The mechanism of superconductivity in these superconductors
will be explained in more detail in the next section.
The ﬁrst microscopic theory of superconductivity was proposed in 1957 by three American
physicists: Bardeen, Cooper and Schrieﬀer [1957]. This theory is known as the BCS theory.
It is based on the phonon-mediated coupling of electrons with opposite momenta and spins
to form pairs, known as Cooper pairs. The coherence length (ξ) corresponds to the
size of such a pair. This theory describes accurately the superconductivity phenomenon in
LTS. However, it fails to fully explain some experimental observations in HTS, such as their
high Tc and magnetic history dependence. Today, a theory accounting for all the observed
superconducting properties in HTS is still to be established.
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In 1962, quantum tunneling eﬀects in superconductors were theoretically described by
the English student Brian Josephson: He predicted that a supercurrent could ﬂow between
two superconductors separated by a thin non-superconducting layer even without an external
applied voltage [Josephson, 1962]. This theory was experimentally conﬁrmed soon afterwards
by Anderson and Rowell [1963]. These eﬀects, now referred to as Josephson eﬀects, are
today applied in SQUIDs (Superconducting Quantum Interference Devices), and most of the
available superconductor electronics is built on this eﬀect.

1.2

Mechanisms of type-II superconductivity:

As mentionned brieﬂy in the previous section, type-II superconductors have two critical
ﬁelds, Bc1 and Bc2 . Below Bc1 , the superconductor is in the Meissner state and the only
supercurrent ﬂowing in the sample is the Meissner current. Its maximum value is given by
the depairing current density [Ginzburg and Landau, 1950]:
Φ0
j0 = √
3 2πµ0 ξλ2L

(1.1)

where Φ0 = h/2e is the magnetic ﬂux quantum, h is the Planck constant, and e is the
elementary electronic charge.
When the applied ﬁeld increases above Bc1 , the superconductor enters the mixed state
and reduces its energy by letting the magnetic ﬂux penetrate in the form of magnetic vortices.
A magnetic vortex, or ﬂux line, consist of a normal state cylinder in which the axis is parallel
to the direction of the applied ﬁeld and the radius is equal to the coherence length ξ. The
magnetic ﬁeld in the core reaches its maximum value in the center. This normal state core is
surrounded by a vortex of supercurrents, which density decreases exponentially over a length
equal to the London penetration length λ. Each vortex contains a single ﬂux quantum Φ0 .
Antivortices can also be deﬁned similarly to vortices, but the direction of the magnetic ﬁeld
present in the core is opposite to the one of the vortices.
In the case of copper-oxide based HTS with a magnetic ﬁeld applied perpendicularly to
the Cu-O layers, the shape of the vortices is changed due to the layered structure of the
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material. In these materials such as Bi-2223 and YBCO, each vortex line tends to dissociate
into a stack of so-called pancake vortices with one quasi two-dimensional vortex structure in
each copper-oxide plane [Clem, 1991].
As the applied magnetic ﬁeld is increased above Bc1 , more and more vortices penetrate
the sample, and the ﬂux density in the sample increases. At Bc2 , the core of the vortices
begin to overlap and the superconductor returns to its normal state.
Vortices interact with each other with short range interaction forces to form a triangular
lattice when the sample is in thermal equilibrium [Abrikosov, 1957]. This ﬂux line lattice
can be disturbed from its ideal triangular structure by the defects in the superconducting
material [Träuble and Essmann, 1968a,b; Essmann and Träuble, 1969].
For increasing applied magnetic ﬁeld, the ﬂux density is ﬁrst increased at the sample
edges as more and more vortices enter the sample. This creates a gradient of ﬂux density
between the edge of the penetrated area corresponding to the ﬂux front and the edge of the
sample. In Bean’s critical state model [Bean, 1962, 1964], this gradient of ﬂux density is
constant and corresponds to the value of the critical current density Jc .
The external applied magnetic ﬁeld generates a Lorentz force on the vortices, inducing a
motion of the ﬂux front toward the center of the superconducting sample. Vortex motion can
also be generated by applying a transport current on the superconductor sample. This motion
is the origin of current dissipation in superconductor [Huebener, 1979; Jooss et al., 2002;
Altshuler and Johansen, 2004] and is therefore disadvantageous. However, microstructural
defects in the superconducting material can pin the vortices and impede the motion. Only a
small number of vortices trapped in these pinning sites are eﬀective to block the motion of
the whole ﬂux line lattice due to the vortex interactions with each other [Owens and Poole,
1996]. The superconducting critical state corresponds to a metastable non-equilibrium state
where the Lorentz force due to the applied ﬁeld is balanced by the pinning force due to
sample structural defects which blocks the vortices ﬂux motion [Huebener, 1979; Kresin and
Wolf, 1990; Owens and Poole, 1996; Jooss et al., 2002].
After an increase in the applied magnetic ﬁeld, the ﬂux motion will occur until the
Lorentz force and the pinning force are balanced and the superconductor reaches a new
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quasi-equilibrium state. However, at ﬁxed temperature and after the applied ﬁeld has been
increased or decreased and then kept constant, the magnetic ﬂux density decays with time
due to the thermally activated depinning of the ﬂux lines. This phenomena is called ﬂux
creep [Shrivastava, 2000; Jooss et al., 2002].
The penetration of vortices in the superconducting material with increasing ﬁeld can
also be slowed down by surface and edge barriers [Huebener, 1979]. Indeed, the vortex
penetration into the sample is impeded by energy barriers at the surfaces and edges of the
superconducting sample. These surface and edge eﬀects increase the ﬁeld of ﬁrst penetration
to applied ﬁeld values that are greater than Bc1 [Bean and Livingston, 1964].
Magnetic instabilities, or ﬂux jumps, are common in type-II superconductors [Mints
and Rakhmanov, 1975; Altshuler and Johansen, 2004]. These ﬂux jumps (FJ) correspond to
a collapse of the critical state. They are abrupt events and occur when a large number of
vortices move together due to a strong increase of the external magnetic ﬁeld. This motion
generates a local heating, depleting the pinning strength of the superconductor and thus
triggering further motion. Such positive feedback can lead to the suppression of the superconductivity in the whole sample. Partial FJ (not destroying entirely the superconducting
state in the whole sample) lead to a decrease of the measured Jc in the superconducting materials. Flux jumps are visible on magnetization curves at low ﬁelds and low temperatures
as a noisy and irregular pattern. (An example of a magnetization curve with FJ is visible
in Figure 4.6.) These abrupt events can also be observed via magneto-optical imaging in
the form of macroscopic dendritic avalanches, as can be seen in Figure 4.3. Section 4.1.2 of
Chapter 4 will give more details about FJ.

1.3

Superconductor applications and limitations:

Absence of resistivity and unique magnetic properties make superconductors the material of
choice in many applications. Here, we list some of the main ones, along with the limitations
that researchers try to overcome today. The superconductor applications can be divided
into two main categories: the high power applications, using the high current transport
capabilities of superconducting materials, and the superconducting electronics, using the
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quantum properties of superconductors such as the Josephson eﬀect.
Superconducting transmission lines and cables, magnets, transformers, generators, fault
current limiters, and energy storage devices fall into the ﬁrst category [Malozemoﬀ et al.,
2005]. They all use the absence of resistivity to surpass their conventional-material based
counterparts [Seeber, 1998]. In transmission lines, the use of superconductors not only permits the drastic reduction of energy losses, but also make it possible to carry a higher
amount of current for the same cross-sectional diameter than conventional cables [Malozemoﬀ et al., 2005].

Indeed, some researchers have already estimated that supercon-

ductor power cables could be as much as 7000 % more space eﬃcient than copper cable [http://superconductors.org, Viewed throughout 2003 to 2006]. With the dramatic increase in energy demand in big cities, this is an important advantage.
Their extraordinary current carrying capabilities also makes superconductors the best
candidates for the development of powerful magnets delivering magnetic ﬁelds up to over
20 T. Indeed, to produce the same magnetic ﬁeld, a superconductor magnet will be far
smaller than a magnet made of copper wires. These powerful magnets play a crucial role
in some more impressive applications, such as the MagLev (Magnetic Levitation) trains,
particle accelerators, nuclear reactors, or MRI (Magnetic Resonance Imagery).
Another large scale and high current application is in energy storage. Since superconductors have no resistivity, a current can be stored in a superconducting loop and be used
as a readily available source of energy in case of a failure in the energy network system.
Superconductor based energy storage units could increase the stability of the entire energy
network system. For the same purpose, the rapid transition from the superconducting to
the normal (and insulator) state when the material is subject to an abnormally high current
(above its Jc ) can be used to build up ultra-fast fault current limiters [Malozemoﬀ et al.,
2005].
SQUIDs are one of the best known examples of superconducting electronic applications.
These devices are today the most sensitive devices for the detection of magnetic ﬂux. Nowadays, they are the main components of magnetometers used in research laboratories and are
also beginning to be used in hospitals in the ﬁeld of biomagnetism (magnetoencephalography,
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magnetocardiograms...). SQUIDs are based on Josephson junctions in superconductors. The
Josephson junctions are also an area of research for the development of quantum computers
with increased calculation speed.
Until recently, alloys of niobium (NbTi, Nb3 Sn...) have been the favorite materials for
applications such as magnets in MRI. Indeed they possess attractive mechanical properties
and their Tc is among the highest in LTS. However, these materials still need to be cooled
down below 10 K during use, implying the use of liquid Helium, which limits considerably
any wider use of superconductor based applications. The discovery of HTS has opened new
perspectives in terms of wider applications.
Today the best candidates among HTS are the two cuprate perovskites commonly referred as Bi-2223 and YBCO as well as the newly discovered MgB2 [Nagamatsu et al., 2001].
Although already in use, their potential has not yet been fully realized. Understanding current limiting mechanisms and methods to improve their processing technology is fundamental
for practical applications.

1.4

Aims and motivation

A key aspect for the development of superconductors for applications is to comprehend
the magnetic ﬂux behavior in these materials. Being able to locally study the behavior of
the magnetic ﬂux in a sample is therefore a great advantage. Indeed, the determination
of important parameters in superconductors, such as the local supercurrent density or the
pinning force, from global measurements necessitates the use of theoretical critical state
models in order to formulate reasonnable assumption on the local magnetic ﬂux distribution.
The Bean critical state model, for example, is the most widely used model to calculate Jc
from magnetization measurement results. However, it ignores any demagnetization eﬀects
and curvature of the magnetic ﬁeld lines in limited size samples. Indeed, it assumes a
constant volume supercurrent with a density equal to Jc ﬂowing in the penetrated areas and
zero current density in the ﬂux free areas [Jooss et al., 2002].
Another common error in the evaluation of Jc from global measurement results is the
potential presence of defect networks. Such a defect network can go unsuspected during
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global measurement. Yet, if present in a sample, it can lead to the formation of several
smaller current loops in the same sample. This current loop partition would eﬀectively reduce
the magnetization measured by global measurement techniques. Therefore, the values of the
calculated Jc would be strongly underestimated as its calculation is based on a single current
loop ﬂowing over the entire sample.
Local measurement of magnetic ﬂux, on the contrary, enables direct measurements of
the magnetic ﬂux density and of the Jc , without relying on a model. They can even be
used to conﬁrm theoretical models. Moreover, the presence of extensive defects, such as
cracks, in the superconducting sample would usually be detected with a local measurement
method, and thus taken into account in the estimation of Jc . Several approaches have been
developed to locally measure the magnetic ﬂux in superconductors, ranging from the Bitter
decoration technique [Shawlow et al., 1954] to scanning SQUID microscopy [Kirtley et al.,
1995]. Among these technique, the magneto-optical imaging measurement method permits
the local observation of the magnetic ﬂux on a broad range of scale (where the area covered
by an image can be between several mm2 to few µm2 ) as well as the real time observation of
dynamic phenomena. This makes it the technique of choice for the study of magnetic ﬂux
in superconducting samples.
In this manuscript, Part 2 will focus on the experimental aspect of this work with a description of the principles of the MOI technique and its set-up in our laboratory in Chapter
2, followed, in Chapter 3, by a brief presentation of the other more conventional characterization techniques used for the studies of superconductors presented in Part 3.
The third part of this manuscript presents the results of studies on three diﬀerent superconductors made with the help of MOI and other techniques. Chapter 4 will present
the outcomes of our work on MgB2 thin ﬁlms and wires. Chapter 5 will focus on the study
of YBCO thin ﬁlms made through diﬀerent processes, while the results from the study of
Bi-2223 tapes for the optimization of their fabrication are given in Chapter 6. Finally, we
conclude in Chapter 7 with some leads for further work.

Part II

Experimental techniques and
procedures

Chapter 2

Magneto-Optical Imaging
The Magneto-Optical Imaging technique (MOI) is the focus of this chapter. First, the
technique will be presented as well as its numerous advantages over other methods enabling
the study of local magnetic ﬂux. The second section concentrates on the set-up of this
technique in our institute, and the third will give more information on the quantitative use
of MO images.

2.1
2.1.1

Fundamentals of MOI
The Faraday eﬀect

The MOI technique is based on the Faraday eﬀect taking place in birefringent materials.
Such materials possess two diﬀerent indices of refraction, nL and nR for left and right circularly polarized light, respectively. Linearly polarized light can be decomposed into the
sum of two circularly polarized light waves rotating in opposite directions (left and right).
In birefringent materials, the diﬀerence between nL and nR , ∆n, induces a diﬀerence in the
propagation velocity of the two light components. This diﬀerence in propagation speeds
creates a rotation α of the direction of polarization of the incident light [Jooss et al., 2002;
Habermeier, 2004]:

α=

ωdM
∆n
2

(2.1)
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where ω is the frequency of the light beam, dM the thickness of the birefringent material
and ∆n = nL − nR .
For magnetic ﬁelds applied parallel to the z axis, ∆n is proportional to the z component
of the magnetic moment of the magneto-optical (MO) material Mz . Furthermore, for small
applied ﬁelds, Mz is also proportional to the z-component of the applied ﬁeld Bz (here, as
Ba is applied along the z axis, Ba = Bz ). Therefore, for a small applied ﬁeld, the rotation
angle α depends directly on the external ﬁeld and relation 2.1 can be approximated to:

α = V (ω)dM Bz

(2.2)

where V is the Verdet constant, which is dependent on the light frequency. This is the
origin of the Faraday eﬀect or Faraday rotation, which is schematically represented in
Figure 2.1.
The material exhibiting the Faraday eﬀect that is used in the magneto-optical technique is
commonly called the magneto-optical layer or MOL. By detecting the rotation of the angle
of the light polarization above the MOL, it is possible to determine the local ﬁeld distribution
below the MOL. As HTS have a strong absorption coeﬃcient, the MO measurements are
generally done in the reﬂection microscopy mode, the light being reﬂected from the sample
or from a thin mirror as will be explained in the next section. In reﬂection mode, the light
will cross the MOL twice, and thus the rotation of the polarization direction as a function
of the applied ﬁeld is doubled, so relation 2.2 becomes [Koblischka and Wijngaarden, 1995;

Figure 2.1: The Faraday eﬀect: A linearly polarized light beam sees its direction of polarization shifted by an angle α when going through a magneto-optically active
crystal under an external magnetic ﬁeld.
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Jooss et al., 2002; Habermeier, 2004]:

α = 2V (ω)dM Bz

(2.3)

The measurement of α can be made by placing a crossed polarizer and analyzer on
the light path, before and after the double crossing of the MOL. When a magnetic ﬁeld is
applied on a superconducting sample covered by a MOL, the direction of polarization of the
light focused on areas with high ﬂux density will be rotated, and the analyzer will let some
light through. On the contrary, if the light beam is reﬂected above a ﬂux free area, α will
stay constant and equal to 0, and thus the analyzer will block all the light. Therefore, on
typical MO images, the bright areas indicates regions in the mixed state whereas dark areas
correspond to ﬂux free regions.

2.1.2

The magneto-optical layer

The MOL is the centerpiece of the MOI technique and is placed on the top of the sample.
Two sample/MOL conﬁgurations are possible:
1) The MOL is deposited directly onto the sample by diﬀerent deposition techniques as
shown in Figure 2.2 (a).
2) The MOL is deposited on a substrate with a thin mirror layer and the multilayer
is placed on the top of the sample with the mirror closest to the sample as can be seen in
Figure 2.2 (b).
If the ﬁrst arrangement gives a better spatial resolution, as we shall see later, it has
the disadvantage of preventing the same sample from being used for other measurements.
Moreover, its use is limited to samples with a good reﬂective surface. Hence, the second
set-up has been preferred for the purposes of this work, and the focus here is put on the
second arrangement.
Many materials exhibit the Faraday eﬀect, however, to be used in the MOI technique,
they need to comply with diﬀerent requirements:
• The thickness of the MOL should be as small as possible in order to keep the absorption
of light to a minimum as well as to obtain a good spatial resolution. Indeed, due to the
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Figure 2.2: Two possible set-ups for the MOL:
a) The MOL is directly deposited on the sample.
b) The MOL is ﬁrst deposited on a substrate with a thin mirror, and the
multilayer is placed on the top of the sample, with the mirror facing down.
curvature of the ﬁeld lines, the ﬂux density varies with the distance from the superconducting
sample, and eventually the ﬂux density becomes homogeneous at a distance far from the
sample top surface. (This phenomenon is schematically represented in Figure 2.2.) Thus,
the spatial resolution decreases as the thickness of the MOL increases.
• A high Verdet constant is needed to compensate for the low thickness of the MOL and
maintain a reasonable angle of rotation of the direction of polarization of the light. The
quality of a material to be used as a MOL is represented by the coeﬃcient V /β, β being the
coeﬃcient of absorption of the material.
Moreover, in order to achieve the best contrast, it is advantageous to use the compensating interferences between the light reﬂected from the top surface of the MOL and the light
reﬂected from the reﬂective layer above the sample in the places where there are no stray
ﬁelds (ﬂux free areas). Such a requirement results in the following condition on the thickness
of the MOL [Koblischka and Wijngaarden, 1995]:

2ndM = (2k + 1)λ/2

k = 0, 1, 2, 3

Where λ is the wavelength of the light, and n the refractive index of the material.

(2.4)
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The very ﬁrst magneto-optical study of superconductors was done by Alers [1957] using a
glass of cerous nitrate in glycerol as the MOL. He took advantage of the good Verdet constant
(5 · 10−5 ◦ /mTµm ) of cerium salt (Ce3+ ) coupled with a small absorption coeﬃcient. To
obtain a reﬂective surface above the sample (a lead disk), he also aluminized a face of the
disk after polishing. However, to obtain an acceptable contrast, the cerium based glass
had to be quite thick, giving only a poor spatial resolution of 0.25 mm. This was the
main drawback of the technique as other techniques available at the same time, such as the
decoration technique, were oﬀering sub-micron spatial resolution. In 1960, DeSorbo improved
the method by decreasing the thickness of the ﬁlm to 0.25 mm, obtaining a spatial resolution
under 0.2 mm [DeSorbo, 1960]. However, it was still far from the spatial resolution other
techniques could oﬀer. A material with a higher Verdet constant needed to be discovered.
In 1965, a considerable advance was made in the magneto-optical ﬁeld by Methfessel
[1965] when he discovered the large Faraday rotation exhibited by divalent Europium based
binary materials such as EuS, EuO or EuSe. Indeed, the Verdet constant of these materials reaches values between 10−2 to 10−1 ◦ /mTµm, outperforming the Verdet constant of
Cerium salts by up to 4 orders of magnitude. However, along with a high Verdet constant,
these materials exhibit ferromagnetism under 66.8 K for EuO and 16.9K for EuS or antiferromagnetism under 4.6 K and ferromagnetism under 2.8 K for EuSe [Koblischka and
Wijngaarden, 1995; Habermeier, 2004]. Such magnetic behavior impairs the visualization of
the ﬂux structure below the magneto-optically active crystal.
The answer to this problem was given by Kirchner [1969] and opened the door to high
resolution MOI. Kirchner developed MOLs with no magnetic arrangements by mixing EuS
with EuF2 . In addition to getting rid of the problematic magnetic ordering of these materials,
the addition of EuF2 leads to a reduction of the absorption of the MOL, greatly enhancing
the coeﬃcient V /β. Empirically, it was found that the best MOLs where obtained with 10 to
60 weight % of EuF2 in EuS depending on the deposition conditions [Huebener, 1979]. Such
MO ﬁlms were deposited directly on the sample by vapor deposition [Huebener, 1979] or
sputtering [Polyanskii et al., 2003]. However, in addition to the disadvantages of the direct
deposition stated at the beginning of this section, the deposition process is diﬃcult and thus
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hard to reproduce. Huebener, Rowe and Kampwirth [1970] found the solution to this problem
by developing the deposition of EuS/EuF2 ﬁlms on a separate glass surface. This method
allows the repeated use of a multilayered wafer, also called the indicator ﬁlm, and leaves
the sample surface free of degradation. Nevertheless, due to the increased distance between
the sample surface and the MOL itself, the spatial resolution is strongly diminished: from a
resolution down to 0.5 µm for the MOL evaporated directly on the sample [Huebener, 1979],
the resolution of the MO technique using an indicator ﬁlm was at best only 20 µm [Polyanskii
et al., 2003].
The strong temperature dependence of the Verdet constant of the Eu based MOLs limits
their use in the MO study of HTS. Indeed, the Verdet constant of the Eu based MOLs
drops above 20 K [Koblischka and Wijngaarden, 1995], which impedes any MO studies at
temperatures near Tc in HTS. On the contrary, iron garnet ﬁlms, also called bubble ﬁlms,
present the advantages of a stable Verdet constant over a wide range of temperature. These
bismuth-gallium-doped yttrium-iron garnets or YIG ((YBi)3 (FeGa)5 O12 ) have been used
and developed since 1989 at the Institute for Solid State Physics of the USSR Academy of
Science in Moscow [Indenbom et al., 1989, 1990]. They are generally grown by liquid phase
epitaxy (LPE) on a 0.2 to 0.5 mm thick transparent gadolinium gallium garnet (GGG)
substrate, then coated with a thin, highly reﬂective layer of aluminium or silver [Polyanskii
et al., 2003]. A thin anti-reﬂective layer can also be added to cover the GGG substrate in
order to increase the quality of the MO images [Kochergin and Swinehart, 2004].
Unfortunately these YIGs have magnetic domains, which are oriented in opposite directions, forming labyrinth like patterns as shown in Figure 2.3. These patterns only allow
indirect observation of the magnetic ﬂux behavior in the superconductor as only the width
of the domains varies with the applied ﬁeld and not their gray level as explained below. The
spatial resolution is thus limited to the size of the domains: between 5 and 10 µm. However,
quantitative studies are still possible by calibrating the domain width as function of the
applied ﬁeld and the temperature [Lin, 2000].
In order to overcome the problem of indirect observation, the same group at the Institute
for Solid State Physics developed another type of YIG with in-plane spontaneous magnetiza-
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Figure 2.3: Typical magneto-optical images obtained with Bi-substituted ferrimagnetic
iron garnet:
a) No applied field
b) The applied field is 3 mT.
The top images represent the rearrangement of magnetic domains as the field
is increased. Pictures from Lin [2000].
tion [Dorosinskii et al., 1992]. These films can also be grown by LPE and present a Faraday
rotation between 0.5·10−2 and 10−2 ◦ /mTµm. They have numerous advantages in addition
to allowing direct observations [Koblischka and Wijngaarden, 1995; Polyanskii et al., 2003]:
1. They possess a high field sensitivity of 0.5 to 1 mT.
2. They present a large temperature range over which the variations of the Verdet coefficient can be neglected, permitting the study of HTS near their Tc .
3. They show a reasonable spatial resolution, typically between 3 and 5 µm, which can
be further decreased to 0.5 µm for very thin MOLs.
The main limitation for the spatial resolution is the gap between the sample and the MOL
of the indicator film. The value of the saturation field, for which α reaches its maximum
value, is also disadvantageously low: Eu based MOLs saturate for magnetic fields above 5 T,
whereas these in-plane magnetization YIGs saturate for magnetic field values between 0.05
and 0.2 T [Koblischka and Wijngaarden, 1995]. However, the in-plane magnetization YIG
MOLs are the most commonly used nowadays, and this work has been entirely done with
this type of MOL. In the following, the term MOL will designate in-plane magnetization
YIGs unless otherwise stated.
It is to be noted that new types of MOLs are still being developed, among them (NdLu)3 Fe5 O12
and (PrLu)3 Fe5 O12 [Adachi et al., 1999].
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The magneto-optical set-up

Practically, a MOI system for superconductor study is composed of an optical equipment, a
cryostat and a magnet. Two diﬀerent classes of MOI systems can be found in laboratories:
1. In the ﬁrst class of MOI system, the optical equipment is home-made and adapted
to the custom made cryostat in order to achieve the highest possible resolution and image
quality. In this case, parts of the optical equipment, such as the objective, as well as the
magnet, can be set up inside the cryostat itself.
2. In the second class, the MOI system is composed of a commercial polarizing microscope
and a simpler, and usually smaller, cryostat. The magnet is placed outside the cryostat.
The ﬁrst type of MOI set-up enables a greater freedom for the design of the magnet: it
can be put either inside or outside the cryostat and can be relatively bulky, thus allowing
the study of superconductors under strong ﬁelds [Wijngaarden et al., 1997b]. The fact that
some parts of the optical system are in the cryostat, like the objective lenses, improves the
optical resolution of the MOI system for two reasons: It enables the lenses to be closer
to the sample and decreases the depolarizing eﬀect when the light beam is reﬂected on or
transmitted through diﬀerent optical components [Goa et al., 2003]. However, changing the
sample and/or objective is a long and complex process, as it is necessary to warm up the
whole system, and a precise realignment of the optical components is required. Such systems
are nevertheless usually more powerful in terms of spatial and ﬁeld resolution. There are
used in numerous laboratories, such as the Faculty of Science of the University of Vrije in
Amsterdam [Wijngaarden et al., 2004] and the Superconductor Laboratory in the University
of Oslo [Goa et al., 2001].
The second sort of MOI set-up is the most widely used due to its relative operating
simplicity. Moreover, it still gives good results in terms of spatial and ﬁeld resolution. It
also allows diﬀerent magniﬁcations to be used without having to warm up the cryostat, as
the microscope objective is outside the sample chamber. In addition, changing the sample
can also be done fairly quickly, as the volume of cryostat chamber is reduced compared to
most of the cryostat chambers of the ﬁrst class of set-ups. In this project, the MOI set-up is
of the second class described above. Thus, we will focus on this type of arrangement in the
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rest of the chapter.
The schematic of such a set-up is shown in Figure 2.4. In this system, the light emitted
by a lamp, either a white-light lamp or a mercury lamp (monochrome), is polarized as it
passes through the polarizer. The light beam is then directed toward the sample by a beam
splitter. The light goes through the MOL, is reﬂected by the thin mirror at the bottom of
the indicator ﬁlm and crosses the MOL a second time in the opposite direction. As can be
seen in Figure 2.2 and is explained in Section 2.1.2, the sample is not illuminated by the
light beam, because the light beam only illuminates the MOL. After being reﬂected out of
the MOL, the light, for which the direction of polarization has been rotated by an angle α
proportional to the local magnetic ﬂux density (equation 2.3), goes through the beam splitter
and ﬁnally to the analyzer. The output light intensity after the analyzer is registered by a
coupled charge device (CCD) camera.

Figure 2.4: General set-up of the magneto-optical imaging equipment: The light beam,
linearly polarized by passing through a polarizer, is reﬂected from the beamsplitter and directed towards the sample, which is covered by an indicator ﬁlm.
The light beam is reﬂected on the mirror below the MOL toward the analyzer.
At this stage, the direction of polarization of the light has been rotated by
an angle α, the amplitude of which is proportional to the local magnetic ﬂux
density following equation 2.3. The image is captured by a CCD camera linked
to a computer.
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The output images are either halftone pictures if the illumination lamp is monochromatic
(generally with λ = 546 nm for a Mercury lamp), or a yellow to greenish color picture if a
white-light lamp is used. In the last case, diﬀerences in the color indicate diﬀerences in the
direction of the ﬁeld. In both cases, the light intensity of the image depends on the local
ﬁeld and can be calibrated for quantitative studies, as we will see in Section 2.3.
For more precise studies, some MOI systems have been improved to gain more spatial
and/or ﬁeld resolution, or to be able to pick up very fast phenomena:
Improvement of spatial resolution: the Superconductor Laboratory in the University of Oslo [http://www.fys.uio.no/super/, Viewed throughout 2004 to 2006] has developed
a system enabling the visualization of individual vortices [Goa et al., 2001, 2003]. Their
system has been designed to avoid any depolarization eﬀects. This was done by using a
special glass cover for the window of the cryostat, using a Smidt beam splitter instead of
the traditional cubic beam splitter, and putting the objective in the cryostat. In addition,
the best available polarizers were used, and any unneeded components were avoided in the
optical system. These precautions enable a better ﬁeld resolution in addition to the increased
spatial resolution. Moreover, the magneto-optical layer was in direct contact with the sample, without any mirror or protective material between the two. Reﬂection of the light was
possible directly from the sample surface, as the material used for vortex visualization, a
sample of NbSe2 , had a highly reﬂective surface. The MOL was kept as close as possible
to the sample by exercising a light pressure on it with aluminium sticky tape. The absence
of the mirror layer and the mounting pressure drastically reduced the sample-MOL distance
which was estimated to be around 0.14 µm against several µm in a traditional MO set-up,
hence improving the spatial resolution [Goa et al., 2003]. The Superconductor Laboratory
website provides images and movies of single vortices as well as some articles on the results
obtained with this type of equipment [http://www.fys.uio.no/super/, Viewed throughout
2004 to 2006].
Development of ultra-fast MOI: Decreasing the temporal resolution of a MOI system is very useful to enable the study of ultra-fast ﬂux penetration phenomena, such as dendritic avalanches, which are the focus of Sections 4.1.2 and 4.2 in Chapter 4. From 1993, Prof.
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Leiderer’s group [http://www.uni-konstanz.de/FuF/Physik/Leiderer/index.html, Viewed in
December 2005] has been developing a MOI set-up with a temporal resolution down to
0.2 ns [Bujok et al., 1993; Leiderer et al., 1993]. To achieve such a high temporal resolution, the beam of a laser is split into two.

The ﬁrst part of the beam is used to

disturb the equilibrium of a superconducting ﬁlm (generally YBCO thin ﬁlms) while the
second is used to illuminate the sample after passing through an optical delay line. In
addition, to obtain information on the velocity of the avalanche development, the second
part of the beam can again be split in two, with one beam being delayed compared to
the other in order to obtain a double exposure picture [Biehler et al., 2004]. Some pictures, as well as sketches of the set-up, are available on their homepage [http://www.unikonstanz.de/FuF/Physik/Leiderer/index.html, Viewed in December 2005].
Improvement of the ﬁeld resolution Researchers at the Weizmann Superconductivity Laboratory [http://www.weizmann.ac.il/home/fnsup/home.html, Viewed in December
2005] have been developing a diﬀerential MOI technique that makes it possible to pick up
variations in the magnetic ﬂux down to 30 mG. For each ﬁxed applied magnetic ﬁeld Ba and
temperature T , a digital camera typically takes ten images, which are averaged into one.
The applied ﬁeld is then slightly changed by δBa  Ba or the temperature is changed by
δT  T and another set of ten images is taken and averaged. The second averaged image is
then subtracted from the ﬁrst and this process is repeated, generally 100 times [Soibel et al.,
2000]. Once all these diﬀerential images are recorded as ﬁeld or temperature sequences, they
can be played as a movie. With such a strong ﬁeld resolution, the Weizmann group is able to
study the melting process of the vortex lattice [Banerjee et al., 2003; Menghini et al., 2003;
Banerjee et al., 2004]. Some movies and images as well as some publications are available
on their website [http://www.weizmann.ac.il/home/fnsup/home.html, Viewed in December
2005].

2.1.4

Advantages over other local ﬂux study techniques

With a spatial resolution of the order of a µm and a ﬁeld resolution ranging from 10 µT to
1 mT (depending on the material of the MOL), the MOI technique has great advantages over
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other techniques for local investigation of the magnetic flux. Figure 2.5 shows the spatial
and field resolution as well as the image acquisition time for the MOI technique compared
to other local techniques.
As seen in Figure 2.5, the spatial resolution range for the MOI technique is very broad,
allowing the study of general penetration behavior over one whole sample (macroscopic scale)
as well as more specific studies at a mesoscopic scale around a defect or at an artificially
created grain boundary [Jooss et al., 2002]. In addition, dynamic processes can be studied
and recorded, even ultra-fast phenomena as seen in the previous section with the work of
Prof. Leiderer’s group [Leiderer et al., 1993].
The simplicity of use of MOI is another advantage. The sample preparation is simple:
The only requirement is to have two flat parallel surfaces. Moreover, MOI study is generally
non destructive. In addition, due to its simplicity, the equipment is relatively cheap compared
to other local magnetic flux investigation techniques such as Lorentz microscopy or magnetic
force microscopy.

Figure 2.5: Resolution of local magnetic field investigation techniques:
a) Field resolution versus spatial resolution.
b) Image acquisition time as a function of the spatial resolution.
On both graphs, MFM stands for Magnetic Force Microscopy, SHPM for Scanning Hall Probe Microscopy and Φ0 is the flux quantum [Bending, 1999].
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Set-up in ISEM and at the University of Oslo

At the beginning of this work, the existing MOI system at the Institute for Superconducting
and Electronic Materials (ISEM) had several limitations. It only allowed superconducting
study above 20 K, and mechanical vibrations induced by the cooling equipment were disturbing the thermal stability of the system as well as the image quality. Thus, one objective of
this work was to upgrade the existing system for more eﬃcient MOI equipment. This section
presents both the original and later systems, as well as the work done for the installation
of the new system. In addition, the MOI set-up of the Superconductor Laboratory at the
University of Oslo (Norway) is brieﬂy described, as it was used for the study of MgB2 thin
ﬁlms presented in Chapter 4.

2.2.1

Cryocooler based MOI system

The ﬁrst MOI system available in ISEM was composed of a Nikon Optiphot commercial
polarizing microscope, a home made cryostat linked to a cryocooler from CTI cryogenics,
and a helium compressor, also from CTI cryogenics. The cryostat was linked to a vacuum
system. The MO images were acquired through the microscope by a CCD camera, Leika
DC300F, linked to a computer. The illumination was obtained via a 50 W halogen white
light lamp. The microscope was ﬁxed on a positioning system to enable the study of diﬀerent
parts of a sample. The applied ﬁeld was generated by a copper magnet placed underneath
the sample chamber, the ﬁeld lines were focused by a short rod of iron standing just beneath
the cold ﬁnger in order to achieve a larger ﬁeld amplitude. A schematic of the arrangement
of the sample, magnetic lens, and magnet is shown in Figure 2.6. A set of thermocouples,
one on the cold ﬁnger near the sample and one in a reference liquid nitrogen bath, coupled
with 4 heating resistors, enabled the temperature control of the sample. A picture of this
system can be seen in Figure 2.7.
This system was ﬁnancially advantageous as the sample was not cooled down by mean of
liquid helium but through Joule-Thomson cycles of helium gas. It was also relatively simple
to operate. However, this cooling method only allowed us to reach a minimum temperature of
20 K, too high to visualize certain types of phenomena such as ﬂux jumps occurring in MgB2
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Figure 2.6: Schematic of the sample set-up in the cryocooler based MOI system. Note
that the magnet as well as the cold ﬁnger continue beyond the borders of this
ﬁgure.
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Figure 2.7: Photograph of the cryocooler based MOI equipment at ISEM.
under 10 K. Moreover, the technique of cooling in itself induces strong mechanical vibrations.
Apart from the impossibility of reaching temperatures below 20 K, these vibrations were the
main problem posed by the former system. Firstly, they made it necessary for the sample and
indicator ﬁlm to be ﬁrmly ﬁxed on the cold ﬁnger. This was done with the help of a strong
ﬁber glass plate screwed onto the cold ﬁnger as represented in Figure 2.6. The indicator ﬁlm
was only visible through a hole in the sample holder plate. Therefore, the strong mounting
not only reduced the eﬀective study area, but also caused mechanical stress in the MOL.
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Furthermore, the indicator ﬁlms are very sensitive to mechanical tension: in Figure 4.4 one
can see that the stress (in this case caused by a small amount of frozen mounting grease
pushing against the bottom of the MOL) induces strong variations of the rotating behavior
of the MOL. Thus, substantial mechanical stress in the indicator ﬁlm due to the mounting
pressure in the former MOI system greatly aﬀected the quality of the obtained images.
Furthermore, the vibrations made any picture acquisition impossible. Thus, in order
for a picture to be taken, the cryocooler had to be stopped and restarted once the picture
was acquired. This necessity greatly decreased the thermal stability of the sample. Such
a reduction of the thermal stability is a real handicap for the study of superconductors, as
the ﬂux penetration behavior is strongly temperature dependent. Moreover, the need to
stop the cryocooler before a picture was shot prohibited the study of relatively fast dynamic
phenomena.
The magnet arrangement was also poorly conﬁgured. Indeed, the top of the coil copper
magnet was placed about 3 cm below the sample. At such a distance, the ﬁeld lines stray,
and the ﬁeld intensity in the immediate surroundings of the sample is strongly reduced. The
iron rod acting as a magnetic lens was placed to reduce this eﬀect. However, it had to be
placed at a fair distance from the sample (about 1.5 cm) to limit the inﬂuence of the magnetic
material on the magnetic behavior of the sample. Thus, although reduced, parting of the
ﬁeld lines still occurred at the sample position. This not only reduced the ﬁeld intensity but
also meant that the local external ﬁeld around the sample was not strictly perpendicular to
its top and bottom surfaces, making quantitative studies of the observed ﬂux distribution
more diﬃcult as will be explained in more detail in Section 2.3.

2.2.2

MOI set-up with the continuous helium ﬂow cryostat

Due to the limitations described in the previous subsection, it was decided to build a new
cryostat using liquid helium as the cooling agent. This would not only permit us to reach
temperatures as low as 1.5 K, but also to get rid of the vibrations, the eﬀects of which have
been reviewed in the previous subsection. In addition, a more eﬃcient design of the cryostatmagnet system could be arranged to allow the sample to sit in the middle of the bore of a coil
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magnet where the magnetic ﬁeld is the highest and the magnetic ﬁeld is homogeneous, with
its magnetic ﬁeld lines parallel to each others and perpendicular to the sample top surface.
For the system replacement, the microscope, camera, and illumination device were kept,
while the cryostat, the magnet, and the temperature controller were changed. The pumping
system and the positioning system also had to be redesigned, but the same components were
used.
The new cryostat is a custom made ST-500 optical cryostat from Janis. A schematic
diagram and a picture of it can be seen in Figure 2.8. In this cryostat, the cold ﬁnger
(number 3 in Figure 2.8) is brass and cooled down from its base via a heat exchanger. The
heat exchanger is made of a ﬁne capillary wound around and below the cold ﬁnger base, as
can be seen in 6 on Figure 2.8. A ﬂow of liquid and cold gaseous helium (LHe) runs through
this capillary in order to decrease the cold ﬁnger temperature. With this cooling system,
temperatures down to 1.5 K can be achieved if the helium is pumped from the heat exchanger
during the course of an experiment. Without pumping the helium chamber, temperatures
as low as 4.4 K can be reached. The cryostat can also be used with liquid nitrogen in case
temperatures lower than 77.7 K are not necessary for the MO observation of HTS.
A picture of the entire MO system is shown in Figure 2.9. The liquid helium is transferred
from a transport LHe dewar through a transfer line (3 in Figure 2.9). To limit the costs due
to the use of LHe, a recovery line (4 in Figure 2.9) collects the helium gas out of the cryostat
and transfers it to a helium liquiﬁer. In addition, the ﬂow of helium is regulated by a valve
on the transfer line (2 in Figure 2.9). This ﬂow regulation also enables better temperature
control. The new cooling system does not produce mechanical vibrations. Therefore, the
sample can be loosely placed on the top of the cold ﬁnger and covered by the indicator ﬁlm
without the need for a strong mounting, thus not interfering with the quality of the pictures.
However, either conductive silver paint or ultra-high vacuum grease (epizone N) are used
under the sample to improve the thermal contact between the cold ﬁnger and the sample.
Moreover, to reduce the possibility of the indicator sliding oﬀ the sample due to accidental
shaking of the system or sudden pressure changes during the atmosphere regulation in the
cryostat, some brass nuts are placed around the sample and indicator ﬁlm, where they are
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Removable cover for sample changes
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Valve for sample chamber vacuum
Port for thermometer and extra wires (a second one is at the rear and
can not be seen on this picture)
Figure 2.8: Schematic diagram and photograph of the new cryostat.

maintained by a small amount of vacuum grease. The temperature is set by means of a
temperature controller (12 in Figure 2.9) linked to the temperature sensor visible in 4 in
Figure 2.8, and a heater is wound around the cold ﬁnger base.

2.2.3

The set-up of the new system

The implementation of the new system was part of the work. Several elements had to be
designed and set-up in the new system:
The vacuum system: In order to reach temperatures down to 20 K and below without ice forming on the sample chamber, a high vacuum has to be achieved in this chamber
before each measurements. Ideally, the vacuum in the sample chamber should be around
2 · 10−6 Torr. This is achieved with the help of a two-stage pumping system: the primary
vacuum system with a rotary pump enables a vacuum down to about 10−3 Torr to be established in the sample chamber. When this intermediate pressure is achieved, the secondary
vacuum system comprising a diﬀusion pump, backed up by the rotary pump, is engaged in
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Figure 2.9: The MOI equipment cooled with liquid helium.
order to obtain the necessary high vacuum in the sample chamber. The primary vacuum
system also needs to be available for purging the air in the liquid helium (LHe) chamber at
the beginning of the LHe transfer to the cryostat. In addition, one should be able to vent
the sample chamber with air or with a neutral gas, such as N2 or Ar, in the case of a sample
that is sensitive to the atmosphere (moisture or oxygen).
The pumping system already present in the former MOI system was solely designed for establishing the vacuum in the sample chamber. Therefore, it had to be redesigned to also
establish the vacuum in the LHe chamber. To ﬁt these new requirements, a secondary vacuum line linked to the LHe chamber and to the recovery line had to be integrated into the
existing vacuum system. A sketch of the redesigned vacuum system is shown in Figure 2.10.

The positioning system: Due to diﬀerences in the physical dimensions between the
former and the latter MO systems, the positioning equipment had to be modiﬁed. In the old
system, the cold ﬁnger was horizontal, and the cryostat was ﬁxed to its support on the side.
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Figure 2.10: The vacuum system for the MOI equipment based on the LHe cooled cryostat.
This arrangement allowed the positioning table supporting the microscope to move under the
part of the cold ﬁnger where the sample was placed in order to visualize diﬀerent areas of the
studied sample. The new cryostat, on the other hand, has a vertical cold ﬁnger, and thus it
needs to be ﬁxed just below the tip of the cold ﬁnger where the sample lies. This set-up does
not allow the positioning table to move under the cryostat as in the former arrangement.
Therefore, the positioning system had to be displaced, shortened and reoriented in order to
enable the widest possible movement of the microscope relative to the cryostat under the
best conditions of mechanical stability.
The magnet: The shape of the new cryostat allows the use of a bore magnet, which
provides a more homogeneous ﬁeld in the bore where the sample sits. The new ring magnet,
made out of copper wire, was designed taking into account the available space (diameter and
height) in order to achieve the highest possible magnetic ﬁeld. The magnet current leads
are connected to an adjustable power supply. The ﬁeld delivered by the magnet can be up
to 75 mT. In addition, a cryogenic tank can be adapted to the magnet in order to immerse
the magnet in liquid nitrogen, thus allowing a stronger current to run through the copper
wire without overheating. This can increase the maximum magnetic ﬁeld generated by the
magnet up to 0.2 T. As the ﬁeld delivered by a coil magnet is maximum in the middle of its
bore, a spacer (number 8 in Figure 2.9) was designed to be placed under the magnet during
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the experiments so that the middle of the bore corresponds to the position of the sample.
To know the ﬁeld delivered by the magnet as a function of the current applied via the power
supply, the magnet was calibrated. This was done with the help of a Hall probe placed
in the middle of the magnet bore, where the generated ﬁeld is at a maximum and where
the sample would be positioned. Two diﬀerent power supplies were used to construct an
accurate calibration curve over a wide range of supplied current. The obtained results are
presented in Figure 2.11. After a linear ﬁtting of the obtained data, the generated ﬁeld Ba
can be calculated from the applied current with the simple equation:

Ba = 11 ∗ Ia

(2.5)

where Ba is expressed in mT and Ia in A.
The deviation of the magnetic ﬁeld as a function of the position inside the bore was also
investigated. The curves are presented in Figures 2.12 and 2.13. The vertical deviation
corresponds to the deviation of the generated ﬁeld from its maximum value when the position
of the Hall probe is varied vertically on the bore axis. This observed vertical deviation is
on the order of 1 % when the position is shifted from ±5 mm. In the same way, the
horizontal deviation corresponds to the deviation of the generated magnetic ﬁeld from its

Figure 2.11: Calibration curve of the magnet for the new MOI system.
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maximum value when the position of the Hall probe is shifted horizontally in a plane going
through the middle of the magnet. A horizontal deviation of 1.5 % was detected in the
horizontal range of positions corresponding to the cryostat window diameter (±8 mm). These
deviations are acceptable, as the sample size rarely exceeds 1 cm long in one or the other
in-plane directions (horizontal deviation) and 0.5 cm high (vertical deviation). The external
applied magnetic ﬁeld can thus be considered homogeneous and equal to the value determined
through equation 2.5 around the sample.
The temperature control system: As it can be seen in Figure 2.8, the calibrated
thermometer pre-installed in the cryostat by Janis is relatively far away from the sample.
Therefore it was necessary to check if the temperature at the top of the cold ﬁnger varies
in the same way as does the temperature at the bottom of the cold ﬁnger near the heat
exchanger where the pre-installed thermometer is situated. For this, a resistance temperature sensor (CernoxT M CX-1070-SD) was ﬁrst mounted directly on the top of the cryostat
thermometer and calibrated. The calibration curve of the thermometer can be found in Figure 2.14. Then the same sensor was placed on the top of the cold ﬁnger where the samples
are positioned. Once the newly calibrated temperature sensor had been placed at the top
of the cold ﬁnger, the temperatures given by both sensors were compared. No signiﬁcant

Figure 2.12: Deviation from the maximum generated ﬁeld as a function of the vertical
position on the axis of the bore.
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Figure 2.13: Deviation from the maximum generated ﬁeld as a function of the horizontal
position at half height of the magnet bore.
change of temperature could be detected between the two sensors. However, as expected
due to the sensors’ respective positions in the cryostat, when the heater is used, the increase
in temperature at the second sensor is delayed compared to the ﬁrst sensor by about 90 s.
Installation of extra wires: Two pairs of extra wires have been placed in the cryostat.
They have two main purposes. They enable the study of samples in the current carrying
state when two wires are connected to the studied material. They can also by used to permit

Figure 2.14: Calibration curve of the second thermometer installed in the new cryostat.
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the measurement of the critical current Ic of a superconducting material by the four point
probe method when the four wires are connected to the studied sample. (More details about
the four point probe measurement method are available in Chapter 3.) The wires needed
to be suﬃciently thermally anchored so that the ends of the wires connected to the sample
are at the same temperature as the cold ﬁnger in order to have a homogeneous temperature
in the entire sample. The thermal anchoring was achieved by winding the wires around the
capillaries of the heat exchanger.

2.2.4

The set-up in the superconductor laboratory in Oslo

The MO system used in Oslo is relatively similar to the new MO system available at ISEM.
The cryostat, a continuous LHe ﬂow cryostat from Oxford Instruments (Oxford LHe microstat), is also cooled by liquid helium, and temperatures down to 3.8 K can be achieved. A
schematic diagram and a picture of this cryostat can be seen in Figure 2.15.
As the shape of the sample holder and the cryostat are diﬀerent from the set-up in
ISEM, a coil magnet can not be used. Instead, two Helmholtz coils were used to produce
magnetic ﬁelds up to 0.08 T. The sample is illuminated by a monochromatic mercury lamp
(λ = 546 nm) and the camera used was a Kodak DSC420, enabling the capture of black and
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Figure 2.15: schematic diagram and picture of the cryostat used in the Superconductivity
Laboratory of the University of Oslo.
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Quantiﬁcation

As explained in the previous sections, the images obtained with our MOI equipment are
greenish to yellowish colored. However, to permit the quantiﬁcation of the light intensity
into magnetic ﬁeld, the camera is set-up to only acquire black and white images. On such
images, each gray level (GL) corresponds to an intensity of magnetic ﬁeld. Knowing the
quantitative relation between the GL and the intensity of the local magnetic ﬁeld would
thus provide us with local magnetic ﬁeld maps of the sample. Being able to determine
the intensity of the local magnetic ﬁeld is essential for the local evaluation of important
parameters such as the current density. The calibration and diﬀerent calculation procedures
are explained in this section.

2.3.1

Calibration in ﬁeld

As shown by equation 2.2 in Section 2.1.1, there is a direct relation between the magnetic ﬂux
and the rotation angle α of the direction of polarization of light. However, when YIG MOLs
with in-plane magnetization are used, this relation is more complex due to the spontaneous
magnetization vector of the MOLs: α is no longer directly proportional to Bz , but to the
MOL spontaneous magnetization vector Ms [Jooss et al., 2002]. It becomes

α = cMz

(2.6)

where Mz represents the z component of Ms , as shown in Figure 2.16, and c is a constant of
the material, similar to the Verdet constant.
Mz can be determined from the applied ﬁeld by the equation:

Mz = Ms sin(φ)

(2.7)

Figure 2.16: Schematic of the orientation of the spontaneous magnetization vector of the
MOL Ms in regards to the applied magnetic ﬁeld orientation.
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with φ the angle of rotation of the magnetization vector (see Figure 2.16) when a magnetic
ﬁeld Ba is applied perpendicularly to the MOL. Note that in this thesis, the applied ﬁeld Ba
was always applied perpendicularly to the MOL, and in this case Ba = Bz . Furthermore, φ
can be written as [Jooss et al., 2002; Laviano et al., 2003]:

φ = arctan

Bz
Ea /Ms


(2.8)

where Bz is the z component of the applied ﬁeld and Ea is the anisotropy energy of the MOL
(energy needed to align the magnetic moment from one direction to another). α is therefore
determined by [Jooss et al., 2002; Laviano et al., 2003]:


α = cMs sin arctan

Bz
Ea /Ms


(2.9)

As the applied ﬁeld in MO experiments is directed along the z axis, the in-plane components
of Ba are negligible compared to Bz . Therefore, the in-plane components of Ba have not
been considered here: in the ﬁrst approximation they will be neglected.
Moreover, to obtain a relation between the light intensity of the ﬁnal image and the local
ﬁeld, the absorption of the light by the MOL has to be taken into account as [Habermeier,
2004]:
I  = I0 exp(−2βdM )

(2.10)

where I0 is the incident light intensity of the polarized light, I  the intensity of the reﬂected
light after the MOL, β the coeﬃcient of absorption of the MOL, and dM the MOL thickness.
Hence, following the Malus law, the light intensity I going through the analyzer and to
the camera can be determined by [Jooss et al., 2002; Liao, 2004]:
I = I  sin2 (α + ∆α) = I0 exp(−2βd)sin2 (α + ∆α),

(2.11)

with ∆α the deviation of polarizer and analyzer from a perfectly crossed position (90 ◦ C).
By combining equations 2.9 and 2.11 we thus have an equation permitting us to calculate
the z component of the local magnetic ﬁeld from the gray level of an image [Jooss et al.,
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2002]:


Ea
1
Bz (x, y) =
tan arcsin
arcsin
Ms
cMs

I(x, y) − I1 (x, y)
I  (x, y)

+ ∆α

(2.12)

where I1 corresponds to the background intensity (MO image taken for Ba =0) and x and y
to the in-plane coordinates. This equation 2.12 should permit the determination of the local
ﬂux from the light intensity picked up by the camera. However, diﬀerent parameters, listed
below, can not be taken into account theoretically, but do inﬂuence the gray levels of MO
images, making the diﬀerent light intensities I1 and I  nearly impossible to measure. A list
of these limiting parameters, along with some practical solutions to overcome these problems
follows. In this list, the so-called background image corresponds to a picture taken with the
same camera settings and the same angle ∆α but without any applied ﬁeld (I1 corresponds
to the light intensity of such image).
1. The inhomogeneous illumination of the indicator ﬁlm due to the lamp can not be
prevented. However, it is easily corrected either with a calibration depending on the position
on the picture or with a background image substraction.
2. The photoelectric cells in the CCD chip of the camera might not all pick up the
light intensity signal with the same sensitivity. These small discrepancies can lead to an
inhomogeneity of the sensitivity over the studied area of the MO images. This can also be
corrected with a background image substraction.
3. The diﬀerent optical components, such as the cover glass of the cryostat, can induce
unwanted depolarizing eﬀects when the light beam is reﬂected from or transmitted through
them. This inﬂuences the light intensity picked up by the camera [Goa et al., 2003]. These
depolarization eﬀects can be decreased by using high quality optical components which
exhibit no or very weak depolarization eﬀects.
4. A weak light intensity is always reﬂected by the MOL even without any applied ﬁeld.
This can be due not only to undesirable depolarization eﬀects of optical components as
seen in the previous paragraph (point 3), but also to ambient light sources outside the MOI
set-up that reach the camera. The only solution to minimize these errors is a background
substraction in all images.
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5. The MOL itself can induce errors due to its in-plane magnetic domains. Indeed, in
YIGs with in-plane magnetization, the spontaneous magnetization moment, while still being
in the (x,y) plane, can be aligned in diﬀerent directions depending on the location. On a MO
image, domains with diﬀerent in-plane alignments have small but visible diﬀerences in light
intensity. These domains are recognizable due to their zigzag-like border as is clearly visible
in the center of Figure 4.4 (a). This parameter is particularly diﬃcult to correct but it can
be reduced by a careful set-up of the illumination source so the beam is perpendicular to
the indicator ﬁlm. However, as the sample top surface is never lying perfectly parallel to the
surface of the sample holder, deviations are unavoidable. These domains can also be reduced
by applying a small ﬁeld parallel to the MOL surface, but this induces an in-plane coupling
of the external ﬁeld with Ms , which needs to be taken into account for the quantitative MO
study, thus increasing the complexity of the current density calculation. Therefore, in this
work, no in-plane magnetic ﬁeld was applied and the MO studies were done with special
care to try and limit the occurrence of such domains as much as possible.
6. The indicator ﬁlm can also have defects, either in the MOL, in the mirror, or in
the substrate. These defects are usually visible as black lines or dots on the ﬁnal pictures.
They can be partially prevented with a careful handling of the indicator ﬁlm. As they form
completely black areas on the pictures, they can not be corrected with a simple background
substraction. The experimentalist should try to avoid such defects in the area acquired by
the camera as much as possible.
7. As brieﬂy explained for the correction of in-plane domains (point 5 of this list), the
angle between the MOL and the light beam has an eﬀect on the light intensity reaching
the CCD. This can be slightly corrected if the cold ﬁnger can be tilted in regards with the
microscope alignment. However, it is not possible to retrieve the exact same angle after
changing samples. It is thus essential to take the calibration pictures in the exact same
physical conditions: without moving the MOL or the sample between the experiments and
the acquisition of the calibration pictures.
These extra parameters impose a case-by-case calibration of the MO images. Practically,
a set of calibration pictures has to be acquired each time the sample has been changed or the
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indicator ﬁlm has been moved. The calibration pictures have to be taken far enough from
the sample in an area of the MOL that is not inﬂuenced by the stray ﬁelds generated by the
sample. In the case of a superconductor, the calibration images can also be taken above the
sample Tc . The set of calibration images should also be taken with the same illumination and
camera settings (exposure time, gain, contrast, gamma parameter, and balance of color). To
keep the number of calibration images down, and thus reduce the computation time, these
settings have to be carefully chosen to enable as many MO images of the sample as possible to
be taken with a reasonably good contrast for an extended range of applied ﬁelds or currents.
Once a set of calibration pictures has been acquired, the calibration can begin. First, the
picture to calibrate is loaded in the program (Image 0 in Figure 2.17). Then, for a smoother
image, the picture is ﬁltered by replacing the gray level value of each pixel by the average
GL value of its eight neighboring pixels and itself (this creates Image 1). In addition, the
background picture taken in the same conditions but with Ba =0 (Image B0) is loaded and
the program and the same averaging ﬁlter is applied on it (creating Image B1). Once the
two smoother images Image 1 and Image B1 have been calculated, the background image
Image B1 is subtracted from Image 1, the result being Image 2.
The next step is the calibration itself. Two techniques can be used: a pixel-by-pixel
method or an averaging-pixel-cluster procedure.
• In the pixel-by pixel technique, a calibration curve is calculated for each pixel of the
picture individually. To reduce the computation time, an area (ROI) of Image 2 can be selected, and this corresponds to Image N1 in Figure 2.17. The calibration pictures are loaded
in the calibration program. The calibration pictures are then cropped to the same ROI
(Images CN1) and ﬁltered with the averaging ﬁlter to create the set of calibration pictures
(Images CN2). For each pixel of Image N1, the GL of the corresponding pixel in each calibration image (Images CN2) is measured. The known values of the applied magnetic ﬁelds
Ba as a function of the measured gray levels is then ﬁtted with a third degree polynomial
in order to construct a unique calibration curve for the considered pixel. This procedure is
repeated for each pixel of the area to calibrate. Finally, the value of the local ﬁeld at each
pixel of Image N1 is calculated with the help of the corresponding calibration function, and
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the calibrated image is displayed and saved.
This method permits us to avoid the errors due to inhomogeneous illumination, inhomogeneous camera acquisition, depolarizing eﬀects, and residual light. However, considering the
size of the MO images for our system (1300*1030 pixels) and the number of calculations
required for each pixels, this method is very time consuming and thus can only be applied
on small areas of the image.
• In the averaging-pixel-cluster technique, the calibration pictures are loaded and the
background image is subtracted for each of them (Images CM1). A small area free of defect
from the indicator ﬁlm is then selected on one of the calibration images, and the average GL
is calculated for the pixels contained in this selected area for each calibration image. The
results of these measurements are then ﬁtted with a third degree polynomial to construct a
calibration curve. Finally, this single calibration curve is used on every pixel of the image to
quantify (Image 2) in order to calculate a map of the local magnetic ﬂux density.
This second calibration method is faster than the pixel-by-pixel technique. However, to
minimize the potential errors listed previously, it is essential to subtract the background
image from the image to be quantiﬁed.
Figure 2.17 shows the algorithm for the program enabling the calculation of a magnetic
ﬁeld map from raw MO images. The corresponding program has been developed using the
Matlab software package. It is a complete program with an interactive window enabling the
user to choose diﬀerent parameters for the calibration. A screen capture of the program
window is shown in Figure 2.18.
A typical calibration curve for both methods is shown in Figure 2.19 with the ﬁtting curve
(third degree polynomial). It can be seen that the curve becomes steeper for high applied
ﬁelds. This is partly due to the magnetic saturation of the MOL, but mostly to the light
saturation of the camera. Therefore, the settings of the camera have to be carefully chosen in
order to enable the visualization of the broadest range of ﬁeld visible without saturation. In
addition, the value ∆α is deﬁned as the deviation angle between the polarizer and analyzer
(∆α = 0 when the polarizer and analyzer are perpendicular to each other). If the polarizer
and analyzer are not strictly crossed perpendicularly (∆α = 0), the calibration curves are
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Figure 2.17: Algorithm of the magnetic ﬁeld calibration program. In this ﬁgure, GL stands
for gray level and ROI stands for region of interest.
shifted to higher (for ∆α > 0) or lower (for ∆α < 0) ﬁelds. This is shown in Figure 2.20 [Liao,
2004]. When the polarizer and analyzer are suﬃciently uncrossed, monotonous calibration
curves can be obtained from negative to positive magnetic ﬁelds. This can be particularly
useful when the direction of the local magnetic ﬁeld in the sample must be known. However,
a loss of contrast is noticeable when ∆α is not null. Moreover, these monotonous curves can
only be obtained with a monochromatic lamp. Indeed, the Faraday rotation is wavelength
dependent. Thus, with a white lamp, areas with diﬀerent magnetic ﬁeld orientations will
appear in diﬀerent colors when the polarizer and the analyzer are uncrossed but the output
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Figure 2.18: Screen capture of the calibration program.

Figure 2.19: A typical curve for the calibration of the light intensity in field.
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Figure 2.20: Different calibration curves for different ∆α, data from Liao [2004].
intensity on black and white pictures will essentially remain the same. This effect prevents
the determination of the sign of the local flux from the gray level of a MO image.
With the latest MOI setup used in ISEM and the calibration program described above,
the spatial resolution usually obtained was about 10 µm with an objective of magnification
× 5, which corresponds to the one used in the majority of this work. These spatial resolution
can be reduced around 2 µm by using different objectives. In addition, the calibration
program return an field precision ranging from 2 to 10 mT, depending on the image to
quantify. The saturation field for the different MOLs used for the different studies presented
in this manuscript was not met as it is above the magnetic field generated by the magnet
(about 75 mT).

2.3.2

Current mapping

Field maps obtained from the quantification of the MO images can be used to calculate
current distribution maps. Visualization of the local current intensity and flow direction
gives valuable information about the superconducting properties of the studied sample. For
the rest of this section, the sample is lying in the (x,y) plane, the magnetic field is applied
along the z axis, and the dimensions of the sample are a × b × d along the x axis, the y axis,
and the z axis, respectively. Furthermore, the MOL is placed parallel to the (x,y) plane at a
height hm above the sample. This arrangement is schematically represented in Figure 2.21.
In the case of a thin strip-shaped sample with a  b, the evaluation of Jc of a sample
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Figure 2.21: Characteristic dimensions of the sample and the MOL.
observed by MOI can be done simply by measuring w, the distance between the two ﬂux
penetration fronts parallel to the y axis, and a. These two quantities are linked to the critical
current density by two equations [Johansen et al., 1996]:
a
w

1


=
cosh

πBa
Bc



Bc = µ0 Jc d

(2.13)
(2.14)

Such straightforward evaluation of the Jc can be extended to samples with rectangular shapes
and even square samples (a ≥ b) for low penetration depth by neglecting the inﬂuence of the
edges parallel to the x axis on the ﬂux penetration behavior along the edges parallel to the
y axis.
However, such determination of Jc is global and does not give information on the local
supercurrent distribution in the sample. From Ampère’s Law, the magnetic ﬁeld is linked to
the supercurrent density by
µ0 j = ∇ × B

(2.15)

where j and B correspond to the critical current density vector and the magnetic ﬁeld distribution vector respectively. Thus, it should be possible to calculate supercurrent distribution
maps from the magnetic ﬁeld map obtained after calibration of the MO images.
To solve equation 2.15, the three components of the magnetic ﬁeld: Bx , By , and Bz
along the x, y and z axes respectively, have to be known but the MO technique can only
enable the measurement of the variations and amplitude of Bz . Fortunatly, in the Biot and
Savart law, the in-plane current distribution is linked to the z component of the magnetic
ﬁeld measured by the equation 2.16 [Johansen et al., 1996; Jooss et al., 1998; Wijngaarden
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et al., 1998; Jooss et al., 2002; Laviano et al., 2003; Liao, 2004]:
µ0
Bz (r) = Ba +
4π


V

jx (r )(y − y  ) − jy (r )(x − x )
|r − r |3 d3 r

(2.16)

From equation 2.16, the supercurrent distribution can obtained with two diﬀerent procedures:
• A critical state model is used in order to estimate the supercurrent distribution in
the sample from a magnetic ﬂux density distribution maps. Then, equation 2.16 is used
on the calculated supercurrent distribution to obtain a second local magnetic ﬂux density
map, which is compared to the experimental results given by the calibrated MO image. A
reﬁnement of the critical model can follow if the calculated results diﬀer from the experimental results. In this case, the procedure is repeated until both the calculated and the
experimental magnetic ﬂux density maps coincide. The current density distribution in the
sample thus corresponds to one given by the last reﬁned critical model.
• The other method consists in inverting equation 2.16 in order to calculate the supercurrent distribution directly from the magnetic ﬂux density map obtained after the calibration
of a MO picture. This second technique has the advantage of being independent of any
critical state models. The focus in the rest of this chapter will be put on this technique.
Ba is here considered to be applied perpendicularly to the MOL. In order to evaluate
the supercurrent distribution in a sample directly from the Biot and Savart equation, equation 2.16 needs to be inverted.
To determined the j distribution from the magnetic ﬁeld map, some restrictions need to
be considered:
• Two values jx and jy have to be determined from the only known parameter Bz .
Thus, another relation linking the two in-plane components of j is needed in order to obtain
a system of equations with a unique solution for jx and jy . As the supercurrents are only
ﬂowing inside the sample, the current ﬂows in closed loops and the current continuity relation
is true [Jooss et al., 2002]:
∇·j=0

(2.17)

• The z dependence of Bz is diﬃcult to measure with the MO technique as the magnetic
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ﬁeld maps are always measured at a constant height hm from the sample. Hence, the z
dependence of jx and jy can not be determined. In the case of thin samples with a thickness
d < λL however, such dependence is negligible. For thicker samples, the sheet current density
is calculated by averaging the current density over the ﬁlm thickness:
1
J=
d


j(x, y, z)dz

(2.18)

For very thick samples with d  λL , the MO optical technique mainly picks up the signal
coming from the top 20 µm of the sample [Jooss et al., 2002], and thus the sheet current
density will be the average of j over these 20 µm.
• From the inversion of equation 2.16, the z component of j, jz , can not be determined.
However, for thin samples, this component is negligible.
Taking into account all these considerations, the supercurrent distribution can be calculated once equation 2.16 is inverted. Several methods can be used for the inversion. It is not
in the scope of this thesis to detail these procedures, which can be found in Brandt [1995];
Johansen et al. [1996]; Jooss et al. [1998]; Pashitski et al. [1997]; Wijngaarden et al. [1997a],
so only the results are presented here.
From equations 2.16 and 2.17, the following system of equation is obtained [Jooss et al.,
1998, 2002; Laviano et al., 2003; Liao, 2004]:
z (kx , ky , hm ) = i µ0 Jx (kx , ky ) e−hm k sinh
µ0 B
2
ky
Jx (kx , ky ) =

− kkxy Jy (kx , ky )


 dk  

2




(2.19)

z is the two-dimensional Fourier transform (FT) of the measured ﬁeld and k =
where B

kx2 + ky2 , where kx and ky are the coordinates in the Fourier space. The solution to this
system is the distribution of the FT Jx and Jy of the in-plane components Jx and Jy respectively.
Practically, the supercurrent distribution calculation program calculates the complex FT
of the magnetic ﬁeld map obtained with the calibration program described in Section 2.3.1.
Then, it calculates the complex FT of the in-plane components of J, Jx and Jy , via the
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system of equations 2.19. With an inverse Fourier transform (IFT), Jx and Jy are evaluated
from Jx and Jy and mapped. The results obtained for Jx and Jy are also used to calculate

the magnitude |J| of J with |J| = Jx2 + Jy2 (Jz  Jx , Jy in thin samples). The supercurrent
intensity distribution in the studied sample can thus be visualized and the current density
maps saved.
In addition, the FT of the magnetic ﬁeld map is used to calculate the local magnetization
 = B/k.

M
Indeed, on a contour plot of the magnetization, the iso-magnetization lines
correspond to the supercurrent ﬂow directions. As for the current density maps, the contour
plot of the magnetization can be saved.
The algorithm of the program enabling the determination of |J| and M is presented in
Figure 2.22.
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Figure 2.22: Algorithm for the evaluation of J. The diﬀerent ﬁgures represented here
are an example of the distribution ﬁgures the program is able to compute.
The sample used in this example is a YBCO thin ﬁlm, 3 mm wide, partially
penetrated.

2.4

Summary

In summary, the advantages of the MOI local measurement method, based on the Faraday eﬀect, over other superconductor characterization techniques have been demonstrated.
The MOI technique permits the real time observation of diverse macroscopic to mesoscopic
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phenomena occurring in superconducting samples. In addition, it is a relatively economic
and simple characterization method, and it is non-destructive. These advantages have led
to the decision to upgrade the former MOI equipment that was already available in ISEM.
Thus, a new, more eﬃcient MOI system was designed and installed in the laboratory. It
permits us to study superconducting samples down to 1.5 K in good conditions of thermal
and mechanical stability.
In addition, a calibration program was created for the calibration of the light intensity of
the MO pictures into local magnetic ﬂux density. Furthermore, a second computer program
was implemented based on the inversion of the Biot and Savart law. It enables the calculation
of current density maps from the local magnetic ﬁeld maps obtained with the ﬁeld calibration
program. Moreover, this supercurrent mapping program allows the visualization of the
current ﬂow directions in superconducting thin ﬁlm samples.

Chapter 3

Other characterization techniques
In addition to information about local magnetic behavior in superconductors, which is accessible with the MOI technique (Chapter 2), knowing global parameters such as the critical
temperature Tc and the critical current density Jc , as well as its variations with the applied
magnetic ﬁeld and temperature, is of prime importance for the development of superconductors for applications and to complement the results obtained from the MO observations.
Diﬀerent types of measurements can be used to access these critical parameters. In this
work, transport and magnetization measurements were used and the two techniques will be
presented in the ﬁrst section of this chapter.
On the other hand, knowing the type of microstructure, composition, secondary phases,
and other defects of a superconducting sample is needed for an in-depth understanding
of the superconducting behavior of studied samples. X-ray diﬀraction, scanning electron
microscopy, and atomic force microscopy have been used for this purpose during the course
of this PhD and will be presented in the second part of this chapter.

3.1
3.1.1

Jc and Tc measurements
Measurements of Jc

Knowing the quantity of current that a given superconducting sample is able to carry through
is one of the most valuable pieces of data for the development of superconductors, especially
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in view of future power applications such as superconducting wires, magnets, transformers
or generators (see Section 1.3 for more details about superconducting applications). To
measure this quantity, two types of techniques have been used in this work:
The transport measurements This type of measurement was performed with the four
point probe method at 77 K in liquid nitrogen. In this measurement technique, four wires
are connected to the sample: the two outermost leads deliver a transport current to the
sample while the two innermost contacts are used to measure the voltage. In the superconducting state and when the current supplied is below the critical current Ic , the current ﬂows
in the sample without dissipation, and thus no voltage will be measured between the two
innermost contacts, following Ohm’s law. However, when the applied current is increased
over Ic , dissipation (resistivity) begin to occur, and the voltage will increase rapidly. As the
transition from dissipation free (superconducting state) to resistive (normal state) transport
current is progressive, a criterion is needed to precisely determine Ic in a reproducible way.
Therefore, Ic is generally deﬁned as the value of the applied transport current for which
the voltage increases above the value of 1 µV. As the voltage measured between the two
innermost contacts also depends on the distance between these contacts, the standard value
is deﬁned as 1 µV/cm with the two voltage contacts spaced by 1 cm on the sample.
The quantity measured directly is the critical current Ic . The critical current density is
calculated by dividing Ic by the cross-sectional area of the sample: Ic = S · Jc under the
assumption that the current is ﬂowing through the whole cross section of the sample.
A magnetic ﬁeld can be applied during the transport measurement in order to study the
variation of Jc with the applied magnetic ﬁeld. However, in this work the transport measurements were only done in self ﬁeld (Ba =0).
The magnetic measurements A MPMS (Magnetic Property Measurement System)
from Quantum Design was used for the magnetic measurement of Jc . This technique does not
directly measure the critical current as in transport measurements. Instead, the magnetic
moment of the sample is measured by a SQUID in the MPMS while the sample is moved
through two superconducting coils. To determine the Jc , the magnetic moment m of the
sample is measured in varying magnetic ﬁeld in order to obtain a hysteresis loop for the
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sample. The vertical width of this loop, ∆m, is then used to calculate Jc as a function of
the applied ﬁeld based on the critical state model [Bean, 1962, 1964]:

Jc = DM

∆m
V

(3.1)

where DM is the demagnetization factor and V the volume of the sample. DM depends on
the sample shape and orientation in regards to the applied magnetic ﬁeld. In this work, the
Jc in thin ﬁlms and cylindrical wires has been calculated for an applied ﬁeld perpendicular
to the surface of the ﬁlms and to the axis of the wires, respectively. In this case, Jc can be
calculated with:
Jc =

∆M

a
a 1 − 3b


(3.2)

for thin ﬁlms, with a and b corresponding to the in-plane dimensions of the sample (a ≤ b) and
∆M corresponding to the width of the magnetization loop (∆M = ∆m/V ). For cylindrical
wires, Jc is calculated from the equation:

Jc =

3π∆M
4a

(3.3)

where a corresponds to the radius of the superconducting cylinder.
For these magnetic measurements of Jc , the temperature was varied to study its inﬂuence
on the Jc behavior as a function of the external magnetic ﬁeld.
Although both techniques presented above give information about the current capabilities of the superconducting sample, a weak-link (crack, high angle grain boundary or
non-superconducting secondary phase) between the two voltage contacts in the transport
measurement technique will greatly aﬀect the current path, in extreme cases blocking it.
Thus, the signal measured between the voltage contacts will be dramatically aﬀected as
strong dissipation will occur at the weak-link. On the other hand, cracks and weak-links
will only slightly aﬀect the magnetic moment measurements, and thus the calculated Jc
will only be slightly diminished. Therefore, Jc results from transport measurements (Jct )
and from magnetic measurements (Jcm ) can diﬀer substancially. In this work, the Jct are
more representative of the crack and weak-link density in the sample, whereas the results
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obtained for Jcm , particularly at relatively high magnetic ﬁelds, give information about the
pinning strength in the material. Thus, these two types of Jc measurements can be use
to complement each other in order to better understand the current carrying behavior of
superconducting samples.

3.1.2

Measurements of Tc

In this work, the critical temperature Tc of superconducting samples was determined via
magnetic measurements done with the same MPMS equipment used for the determination of
Jcm (Section 3.1.1). As explained in Section 1.2, a Meissner current ﬂows in a superconducting
material at low temperature and under a weak magnetic ﬁeld. This Meissner current shields
the superconductor from the external ﬁeld. In addition, it creates a magnetic moment, which
has a direction opposite to the direction of the applied magnetic ﬁeld. When the temperature
is increased close to Tc , the magnetic ﬂux begins to penetrate the sample, and the magnetic
moment is decreased. Above Tc , the Meissner current completely disappear and thus the
magnetic moment becomes null.
The MPMS allows the measurement of the magnetic moment and its variation as the
temperature is increased from below Tc to above Tc under a small magnetic ﬁeld. Practically,
a sample is cooled in zero ﬁeld (ZFC) to a temperature of a few Kelvins. Then a weak
magnetic ﬁeld is applied, typically 25 Oe, and the temperature is increased progressively.
Around Tc , the negative magnetic moment increases dramatically until it becomes null when
the sample reaches its normal state. Such a transition is visible in Figure 3.1.
As this transition is progressive and can be spread out over several Kelvin, one had to
deﬁne a precise way to estimate Tc from the m(T ) curves. In this work, the value taken for Tc
is the so-called Tc onset. This value corresponds to the temperature for which the tangent to
the m(T ) curve at the transition intersects the line corresponding to the maximum magnetic
moment value of the sample in its normal state. This is shown in Figure 3.1.
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Figure 3.1: Magnetic moment as a function of the temperature for the determination of
Tc .

3.2
3.2.1

Characterization of microstructure
X-Ray Diﬀraction

X-Ray Diﬀraction, or XRD, was used to determine the diﬀerent crystallographic phases
present in a sample and their crystallographic alignments in the case of thin ﬁlms, as well as
their relative proportions compared to each other. These measurements were carried out on
a MAC MO3XHF from Mac Science, with a Cu tube from Toshiba. The radiation used for
the spectrum was Cu-Kα2 with λ = 1.54 Å. The tube voltage was 40 kV while the current
was 20 mA.
Practically, for the crystallographic study of superconducting thin ﬁlms, the sample does
not need any preparation and the technique is non destructive. On the other hand, in the
case of composite materials such as Bi-2223/Ag sheathed tapes or MgB2 /Fe sheathed wires,
the superconducting part of the sample needs to be extracted and ground into a ﬁne powder.
Indeed, in composite materials, the phase composition of the superconducting core is generally not homogeneous across the whole core cross-section, as the mechanical deformation and
the sheath material aﬀect the superconductor microstructure inhomogeneously over the entire core cross section. Thus, it is necessary to grind the superconducting material extracted
from composite samples in order to obtain results signiﬁcant for the whole superconductor
core phase composition, and not only signiﬁcant for a small part of the superconductor core,

3.2. Characterization of microstructure

56

namely the superconductor interface with the sheath material.

3.2.2

Scanning electron microscopy

To get more information about the grain arrangement, as well as the surface morphology
and the microstructure, the samples were analyzed via scanning electron microscopy (SEM).
The SEM used for the study of MgB2 thin ﬁlms and wires (see Chapter 4) was a Stereoscan
440 from Leica. For the study of YBCO thin ﬁlms (see Chapter 5) a JSM-6460A from JEOL
was used.
This technique enables the visualization of the surface of the sample with a resolution
down to 4 nm. For thin ﬁlms, the SEM technique was not only used to observe the microstructure at their surface, but also to determine their thickness by observing the sample
cross-section. For the MgB2 /Fe sheathed wires, the SEM was used to visualize the composite cross-section in order to investigate the porosity of the superconducting core as well
as the eﬀect of the sheath material on the superconductor (possible chemical reaction or
modiﬁcation of the grain alignment at the superconductor/sheath material interface).

3.2.3

Atomic force microscopy

Atomic force microscopy (AFM) is used to analyse the surface topography in thin ﬁlms. In
this work it was only used for the MgB2 thin ﬁlms (Chapter 4) in order to obtain information about their microstructure to complement the observations done with the SEM. This
technique also allowed us to determine the size of the droplets protruding out of the surface
in the in-situ ﬁlm (see Figure 4.9 (a)) and to evaluate the depth of the surface depressions
in the ex situ ﬁlm (see Figure 4.8 (b)). The AFM observations were carried out on a SPM
(Scanning Probe Microscope) from Digital Instrument.

Part III

MOI applied to the study of
magnetic behavior in
superconductors

Chapter 4

Magneto-optical observation of
MgB2 material
Although magnesium diboride or MgB2 is a material known since 1954, it was only found
to be superconductor in 2001 by Nagamatsu et al. [2001]. Since then, numerous articles have
been published on this material, focusing on improving the superconducting properties of
MgB2 in order to use it for applications. In this chapter, the ﬁrst section reviews the
abundant literature about MgB2 . It covers the general properties of this superconducting
material, then focuses on the two forms in which the MgB2 material is produced: wires and
thin ﬁlms. The second and third section will present two studies done during the course of
this thesis on the thermo-magnetic instabilities commonly observed with MOI in MgB2 thin
ﬁlms and the inﬂuence of the iron sheath on the superconducting properties of the MgB2
core.

4.1
4.1.1

Literature review on magnesium diboride
General properties

Crystallographic structure and physical properties of MgB2
The MgB2 superconductor is an outstanding material due to its critical temperature of 39 K,
which is unusually high for a binary compound [Buzea and Yamashita, 2001]. It has a layered
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structure with boron and magnesium layers intercalated with each other. The B layer has a
graphite like arrangement, while the Mg layer is organized in a compact hexagonal structure,
each atom of magnesium being at the center of a hexagon formed by 6 boron atoms [Zhou,
2004], as represented in Figure 4.1. The two lattice parameters (aL and bL being equal to
each other) have been evaluated around 3.086 Å for aL and 3.524 Å for cL [Soltanian, 2004].
Due to its layered structure, the MgB2 material is anisotropic [Patnaik et al., 2001], which
is especially important in textured materials such as single crystal and thin ﬁlms [Jung et al.,
2001]. This anisotropy leads to diﬀerent values of the lower and upper critical ﬁelds when
the ﬁeld is applied either perpendicularly or parallel to the layers. The anisotropy factor
γ = Bcab /Bcc varies from experiment to experiment but is generally between 1.2 and 9 [Buzea
and Yamashita, 2001]. γ is temperature dependent [Jung et al., 2001].
ab ,
The lower critical ﬁeld is weak and has been evaluated between 30 and 63 mT for Bc1
c ), and at about 32 mT in
between 15 and 22 mT perpendicularly to the material layers (Bc1

bulk untextured materials [Takano et al., 2001; Zehetmayer et al., 2002; Caplin et al., 2003].
A relatively wide range of values has been found for the upper critical ﬁeld Bc2 depending on
a and B c have
the sample shape and orientation. For a single crystal however, the values of Bc2
c2

been estimated between 14.5 and 17 T, and 3.2 and 3.5 T, respectively, at 0 K [Zehetmayer
et al., 2002; Lyard et al., 2003]. These values increase up to 29 T for untextured bulk samples
a ≈ 49 T for high quality thin ﬁlms [Gurevich et al., 2004; Dou
with impurities and even Bc2

et al., 2004]. The irreversibility ﬁeld B ∗ , corresponding to the ﬁeld where the bulk critical
current density disappears, is usually close to 0.5 Bc2 [Patnaik et al., 2001].

Figure 4.1: The crystallographic structure of MgB2 .
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Zehetmayer et al. [2002] have measured the penetration depth in MgB2 single crystals
to be λcL =370 nm and λaL =82 nm. The coherence length in MgB2 ranges from 3.7 to
12.8 nm for ξ a and between 1.6 and 5 nm for ξ c , depending on the microstructure of the
MgB2 material [Buzea and Yamashita, 2001]. These values are one order of magnitude
larger than the coherence length in the two most commonly studied HTS, YBCO and Bi2223, and is larger than the grain boundary width. For this reason, the current ﬂow in
MgB2 is not disturbed by the grain boundaries as in the HTS described in the two following
chapters. Indeed, magnetization and transport measurements have shown very high Jc values
in untextured, dense MgB2 bulk samples [Suo et al., 2001; Zhao et al., 2003a]. Thus, the
critical current density in MgB2 is not governed by grain boundary weak-links but by the
pinning strength of the material [Larbalestier et al., 2001a].
On the other hand, MO images have shown that easy penetration paths for the magnetic
ﬂux are present in MgB2 material and correspond to the grain boundaries [Larbalestier et al.,
2001a]. This is caused by the presence of secondary non superconducting phases, such as
magnesium oxide MgO, forming preferentially at the grain boundaries. However, the authors
note that these areas of low Jc do not strongly suppress the current ﬂow [Larbalestier et al.,
2001a].
In spite of these easy penetration paths, the critical current density variations as a function of the applied ﬁeld at low temperatures and ﬁelds are dominated by ﬂux jumps. This
conﬁrms that Jc is not governed by the presence of weak links at the grain boundaries. The
occurrence of ﬂux jumps tends to decrease the current-carrying capability of both MgB2
wires and thin ﬁlms, and leads to dramatic dendritic avalanches visible via MOI in MgB2
thin ﬁlms, as will be explained in more detail in Section 4.1.2.
Several groups have shown a decrease in the critical temperature of MgB2 when the
external pressure is increased [Buzea and Yamashita, 2001]. In addition, an isotope eﬀect
is present in MgB2 , with an increase in Tc by about 1 K, when the
in the boron by the

10 B

11 B

isotope is replaced

isotope [Hinks et al., 2001]. A much weaker isotope eﬀect for Mg

has also been shown [Hinks et al., 2001]. These ﬁndings point toward a superconductivity
mediated by phonons, in agreement with the BCS theory [Budko et al., 2001].
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Processing routes for MgB2
The elements Mg and B are cheap and abundant, so MgB2 based conductors are cheaper
than HTS such as Bi-2223 and YBCO, as well as most LTS. Moreover, the relatively few LTS
that are less expensive to process than MgB2 , such as NbTi, have a much lower Tc (10.5 K
for NbTi) [Weinstock, 2000]. In addition, MgB2 is a lightweight material. All these practical
advantages along with the lower anisotropy and the transparency of the grain boundaries to
the current ﬂow make it an ideal candidate to replace Nb-based superconductors in applications such as MRI [Buzea and Yamashita, 2001]. It is thus worthwhile to explore eﬃcient
processing routes for the synthesis of MgB2 materials.
There are two main ways of synthesizing MgB2 bulk samples. The ex-situ route consists
of pressing and sintering a commercial MgB2 powder. On the other hand, when the in-situ
route is used, Mg and B powder are mixed together in stoichiometric amounts, and the mix
is then pressed and sintered [Zhou, 2004].
In order to decrease the reactant particle size, ball milling is beneﬁcial for both the ex-situ
and the in-situ routes: in the in-situ route, it enhances the reaction between Mg and B and
thus makes it possible to decrease the annealing temperature [Abe et al., 2003]. As for the exsitu route, Flükiger et al. [2003] have observed an increase in Jc and B ∗ when the precursor
powder of MgB2 is ball milled. However, they have also noted a negative eﬀect on these two
values if the milling is carried on for too long a time due to an easier diﬀusion of impurities
during the high energy milling process. In the case of the in-situ method, a catalyst such
as Ta is generally used to enhance the properties of the ﬁnal material [Paranthaman et al.,
2001; Prikhna et al., 2002]. The precursor pellets can either contains Ta powder and/or be
wrapped into a Ta foil [Prikhna et al., 2002].
As no liquid phase exists below 850 ◦ C, a sample sintered in a traditional furnace will
generally be porous, which is unfavorable for a high Jc . To overcome this problem and
improve the grain connectivity, high pressure sintering can be used [Takano et al., 2001]. In
addition, Pan et al. [2003b] have shown that the in-situ processing route tends to improve the
MgB2 grain connectivity and thus the Jc despite an overall degradation of the core density.
Taking advantage of the volatility of Mg, a “diﬀusion” method can also be used to
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synthesize MgB2 in diﬀerent forms (ﬁlms, wires, ﬁbers). This method consists in placing
the boron based material in the desired form, with Mg powder or pellets. Both materials
are then sealed in Nb or Ta tubes and sintered between 800 to 900 ◦ C. Due to its low
evaporation temperature, the Mg is evaporated and diﬀused into the boron material leading
to the formation of the MgB2 compound [Buzea and Yamashita, 2001].
The production of MgB2 wires and thin ﬁlms uses the same general mechanisms as above
and will be discussed in more detail in Sections 4.1.2 and 4.1.3.

Pinning mechanisms in MgB2
Although MgB2 exhibits a high Jc in self ﬁeld, its Jc degrades quickly when the applied
magnetic ﬁeld is increased due to the lack of pinning [Caplin et al., 2003]. In order to
introduce more pinning centers, the material can be irradiated or doped. Chikumoto et al.
[2002] used magneto-optical imaging results coupled with magnetization measurements to
show increased pinning and Jc at high ﬁelds in irradiated samples. However, they also
observed a decrease in Tc with irradiation.
Numerous elements have been tried as dopants in MgB2 , not only to improve the pinning strength of the material, but also in the hope of creating higher Tc materials. Among
other elements, the following have been tested as dopants: aluminium [Bianconi et al.,
2001; Cimberle et al., 2002; Li et al., 2002], beryllium [Mehl et al., 2001], carbon [Zhang
et al., 2001; Ahn and Choi, 2001; Paranthaman et al., 2001; Mehl et al., 2001; Takenobu
et al., 2001; Soltanian et al., 2003a; Senkowicz et al., 2006], cobalt [Moritomo and Xu, 2001],
copper [Kazakov et al., 2001; Mehl et al., 2001], iron [Moritomo and Xu, 2001], lithium [Cimberle et al., 2002], manganese [Moritomo and Xu, 2001], nickel [Moritomo and Xu, 2001],
niobium, silicon [Cimberle et al., 2002; Wang et al., 2003], tantalum [Prikhna et al., 2002],
titanium [Zhao et al., 2001, 2003a; Zhou et al., 2003], zinc [Moritomo and Xu, 2001; Kazakov
et al., 2001], and zirconium [Feng et al., 2001].
The addition of most of these elements to MgB2 leads to an enhancement of the Jc [Jin
et al., 2001; Feng et al., 2001; Cimberle et al., 2002]. However, only Li, Si and Zn doping do
not lead to a strong depression of the Tc [Buzea and Yamashita, 2001; Cimberle et al., 2002].
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The best results have been obtained for the doping with silicon carbide nanoparticles [Dou
et al., 2002b,a, 2003, 2004]: Jc is increased by an order of magnitude in MgB2 bulk material
doped with SiC, and the Jc degradation with increasing applied magnetic ﬁeld is strongly
reduced. In addition, Bc2 is signiﬁcantly increased, as well as the irreversibility ﬁeld, and
the Tc is only very slightly decreased [Dou et al., 2002b, 2003, 2004]. This is due to the fact
that SiC doping creates dispersed nanosized precipitates of MgSi2 , BC, BOx and SiBOx , as
well as disordering defects in the crystallographic structure that act as pinning centers [Dou
et al., 2002b, 2004].

4.1.2

MgB2 thin ﬁlms

Deposition routes
Numerous methods have been developed for the deposition of MgB2 thin ﬁlms. In this work,
the studied MgB2 thin ﬁlms were produced by pulsed laser deposition or PLD. Therefore,
the other available methods such as magnetron sputtering or molecular beam epitaxy will be
presented in Chapter 5 which deals with YBCO thin ﬁlms produced by diﬀerent deposition
methods.
Although the MgB2 ﬁlm deposition requires a high vacuum in the deposition chamber,
MgB2 ﬁlms are easier to process than YBCO due to its simpler composition. However, some
diﬃculties exist due to the sensitivity of Mg to oxidation, the large diﬀerence in the vapor
pressures of the two compounds Mg and B, and the high volatility of Mg [Soltanian, 2004].
To eﬀectively deal with the Mg volatility during PLD deposition, one needs to use an Mg
enriched target and keep the substrate temperature during deposition relatively low [Buzea
and Yamashita, 2001].
As for MgB2 bulk sample processing, two diﬀerent routes are available for the processing
of MgB2 thin ﬁlms [Zhao et al., 2004a]: In the in-situ route, a MgB2 ﬁlm is deposited from
a MgB2 target and then sintered at a relatively low temperature, from 450 to 800◦ C, in the
deposition chamber [Zhao et al., 2003b, 2004a]. The ex-situ route, on the other hand, is
based on the diﬀusion process (see Section 4.1.1): a thin ﬁlm of boron is ﬁrst deposited on
the substrate, then placed in a separate furnace in a sealed ampoule containing Mg pellets
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and sintered at high temperatures between 700 and 950◦ C for 30 to 120 min [Zhao et al.,
2004a; Kang et al., 2006].
The ex-situ route generally produces MgB2 thin ﬁlms of higher microstructural and superconducting quality than the in-situ, but it can not be used for the deposition of multilayer
ﬁlms or the fabrication of Josephson junctions. On the other hand, the in-situ route generally gives ﬁlms with poorer crystallinity, higher oxygen content, and lower Tc , although the
surface of the in-situ processed ﬁlms is generally smoother than for ﬁlms processed via the
ex-situ route [Zhao et al., 2004a]. In addition, due to the diﬀerences in microstructure, the
pinning strength is higher in the in -situ ﬁlms, leading to a weaker Jc dependence on the
external ﬁeld [Zhao et al., 2004a, 2005b].
Diﬀerent substrates can be used for the deposition of MgB2 , such as SiC, Si, SiO2 ,
LaAlO3 , SrTiO3 , MgO, Al2 O3 , sapphire, and stainless steel [Buzea and Yamashita, 2001;
Ueda and Naito, 2001; Soltanian, 2004]. However, He et al. [2002] have shown that reactions
occurs between MgB2 and Si, SiC, SiO2 , Al2 O3 and SrTiO3 at 800 ◦ C, and even at 600 ◦ C
for SiO2 and Si. They also observed a decrease in Tc when a reaction occurs between MgB2
and SiC or Al2 O3 . These substrates are thus not optimal for MgB2 thin ﬁlm deposition.
An oﬀ-axis PLD method has also been developed where the substrate is placed parallel
to the normal axis of the target surface. This route tends to produce much smoother and
more c-axis oriented MgB2 thin ﬁlms, and higher Jc values are obtained for these ﬁlms at
high ﬁelds [Zhao et al., 2005a].
As for MgB2 bulk samples, MgB2 thin ﬁlms can also be doped. In the PLD technique,
the laser will either ablate a “pre-doped” target or a pure MgB2 target and a dopant target
in turns [Zhao et al., 2004b]. Doping with Si gives good results for low doping proportions
(up to 3.5 %), producing thin ﬁlm with unchanged Tc and increased Jc , especially at high
applied ﬁelds [Zhao et al., 2004b].

Flux jumps and dendrites
As mentioned in Section 1.2, MgB2 thin ﬁlms are subject to ﬂux jumps (FJ). The magnetization curves of MgB2 thin ﬁlms exhibit a saw-teeth like unstable behavior at low ﬁelds and
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temperatures (visible in Figure 4.7) that is characteristic of ﬂux jumps. The same ﬂux jumps
can also be visualized with the MOI technique on MgB2 thin ﬁlms. They appear as abrupt
macroscopic dendritic ﬂux penetration as shown in Figure 4.3. These ultra-fast branched
penetration outbreaks are commonly called dendrites or dendritic avalanches.
A FJ is said to be “complete” when all the material is brought to its normal state. This
tends to be the case in bulk samples. On the contrary, in thin ﬁlms, FJ are incomplete
and disturb the superconducting state only locally, thus the “foot-print” of the FJ can be
observed via MOI as the rest of the sample is still in the superconducting state [Johansen
et al., 2002; Rakhmanov et al., 2004]. Dendritic avalanches have been observed in diﬀerent
superconducting thin ﬁlms such as Nb-based thin ﬁlms [Duran et al., 1995; Vlasko-Vlasov
et al., 2000; Welling et al., 2004], MgB2 thin ﬁlms [Johansen et al., 2001, 2002; Shantsev
et al., 2003; Ye et al., 2003; Choi et al., 2005] and even YBCO thin ﬁlms when the FJ is
triggered by a laser beam [Leiderer et al., 1993; Bolz et al., 2000; Runge et al., 2000; Bolz
et al., 2003].
From numerous studies done on dendritic avalanches [Johansen et al., 2001, 2002; Baziljevich et al., 2002; Bobyl et al., 2002; Shantsev et al., 2003; Altshuler and Johansen, 2004],
several general characteristics emerge:
1. Their formation is extremely fast: Bujok et al. [1993] experimentally estimated the
propagation speed to be around 5·104 m/s in YBCO thin ﬁlms.
2. Their shape is not reproducible from one experiment to another.
3. They form at random places.
4. Once formed, their shape remains frozen when the external magnetic ﬁeld is increased.
5. They avoid overlapping each other.
6. They stop appearing above a temperature threshold Tth , usually around 10 K for
MgB2 thin ﬁlms.
Although Ye et al. [2004] claim that the purity of the MgB2 thin ﬁlms inﬂuences its
stability, as they only observed dendrites in C-doped MgB2 thin ﬁlms and not in pure MgB2
thin ﬁlms, another more recent study from the same group [Choi et al., 2005] reports the
observation of dendrites both in C-doped and C-free MgB2 thin ﬁlms. In addition, the
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random character of their formation (characteristic 2, in the above list) indicates that their
formation is not governed by the underlying ﬁlm microstructure and defects [Leiderer et al.,
1993], contrary to the conclusion drawn in Ye et al. [2004].
The partial FJ visible as dendritic penetration patterns in the MO images of MgB2 thin
ﬁlms are widely thought to be thermo-magnetic instabilities [Johansen et al., 2002]. The
origin of such abrupt events is presumably the heat dissipation associated with the motion
of Abrikosov vortices: At a point near the sample edge (except for the case of YBCO thin
ﬁlm in which the superconducting state is disturbed with a laser beam, and the dendrites can
be nucleated anywhere in the ﬁlm), the local ﬁeld reaches a threshold value Bth for which the
vortices begin to move [Barkov et al., 2003]. In turn, the local heating of the superconductor
due to this motion leads to further depinning and vortex motion toward the sample center,
where the local magnetic ﬂux density is lower. At low temperatures, where the heat capacity
is suﬃciently small, this results in a thermal runaway with dramatic consequences [Shantsev
et al., 2003; Altshuler and Johansen, 2004]. In MgB2 , this local magnetic ﬁeld threshold
Bth was estimated to be around 12 mT [Barkov et al., 2003]. The magnetic threshold
corresponds to the magnetic ﬂux value for which the magnetic ﬂux diﬀusion overcomes the
heat diﬀusion [Rakhmanov et al., 2004].
The thermo-magnetic origin of the dendrites has been theoretically conﬁrmed by models [Shantsev et al., 2003, 2005], as well as several experimental results. Johansen et al. [2001]
observed the formation of “antiﬂux” dendrites when the applied ﬁeld was decreased from the
saturation ﬁeld in MgB2 thin ﬁlms. The authors have shown that the temperature threshold for these antiﬂux dendrites is higher than Tth , typically around 13 K, and explain this
increase by the fact that an “anti-dendrite” is formed by anti-vortices which annihilate with
the vortices present in the superconductor. The heat created by such an annihilation process
in addition to the heat due to the anti-vortex motion increases the instability of the superconductor and leads to a higher temperature threshold for the observation of anti-dendrites,
conﬁrming the thermo-magnetic origin of the dendrites. Several experimental studies have
also been done where MgB2 thin ﬁlms were covered either fully or partially by heat conducting foil. The occurrence of dendritic avalanches is completely suppressed by covering
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the MgB2 ﬁlms with aluminium foil [Baziljevich et al., 2002] or by depositing a layer of gold
above the MgB2 ﬁlms [Choi et al., 2005]. Moreover, by only covering half of the sample,
Baziljevich et al. [2002] have shown that any dendrites nucleating in the uncovered part do
not invade the covered part of the sample. Albrecht et al. [2005] have also demonstrated that
the direction of propagation of the dendritic avalanches can change when passing between
areas with diﬀerent thermal parameters such as areas covered or not by a layer of gold.
Dendrites have also been triggered by a current pulse in a MgB2 strip when the superconductor is in a remanent state (where the sample was ﬁrst zero ﬁeld cooled, and then a
magnetic ﬁeld was varied from 0 to 70 mT and back to zero so that the sample was in a
critical remanent state). Bobyl et al. [2002] have shown that in this case, the dendrites only
appear on the side of the strip where the applied transport current and the shielding current
constructively add up. Moreover, they have shown the existence of an intensity pulse threshold, similar to the local magnetic ﬂux threshold. In addition, the temperature threshold Tth
rises up to 19 K, which is a serious disadvantage for the development of MgB2 based wires.
The general dendrite shape changes with the temperature [Duran et al., 1995; Johansen
et al., 2002]: 3 penetration regimes can be distinguished:
1. At low temperatures, the FJ form numerous dendrites with very few, almost ﬁnger-like
branches.
2. For higher temperatures close to Tth , fewer but more branched dendrites are formed.
3. Above Tth , a regular, smooth and progressive ﬂux penetration is observed.
At very low ﬁelds, below Bth , FJ in MgB2 thin ﬁlms appear as small ﬁnger-like abrupt
outbursts of ﬂux penetration [Bobyl et al., 2004; Shantsev et al., 2005]. These smaller FJ,
commonly called mesoscopic ﬂux jumps, have a typical size of 10 to 20 µm and have a
ﬁnger-like, regular, and smooth shape in contrast to macroscopic dendrites, which tend to be
irregular and branched. They have the same characteristics, listed above, as the dendrites
but the number of vortices from which they are formed is much smaller than in macroscopic
dendritic avalanches: 50 to 104 against 106 to 108 in macroscopic dendrites [Bobyl et al.,
2004]. They are also thought to be of a thermo-magnetic origin [Bobyl et al., 2004]. Mesoscopic and dendritic FJ thus dominate the ﬂux penetration in MgB2 thin ﬁlms: at very
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low ﬁelds with ﬁnger-like mesoscopic FJ, and at higher ﬁelds with macroscopic dendritic
avalanches. It is to be noted, however, that mesoscopic FJ continue to appear at higher
ﬁelds when the magnetic ﬂux penetration behavior is dominated by dendritic penetration.
In addition, along with the occurrence of these two types of FJ, gradual penetration still
takes place, eventually covering the FJ patterns at high ﬁelds [Shantsev et al., 2003]. Therefore, MgB2 ﬂux penetration is an interplay of FJ of diﬀerent sizes and gradual penetration.
It was estimated by Shantsev et al. [2005] that half the ﬂux penetration in MgB2 thin ﬁlms
at low temperature is due to FJ and half due to gradual penetration.
The avalanche-like dendrite growth continues as long as some areas in the sample have a
local ﬁeld higher than Bth : the local maximum magnetic ﬁeld inside each dendrite is equal to
Bth [Barkov et al., 2003] as it is at the ﬁlm edge. However, the magnetic ﬂux proﬁle (magnetic
ﬂux as a function of the position) across a dendrite branch exhibits a much steeper slope
than the proﬁle across the sample edge [Shantsev et al., 2003]. With ﬂux creep simulation
and taking into account the non-local relation between current density and magnetic ﬂux,
Shantsev et al. [2003] have shown that this steep slope is the result of the abrupt change in
the direction of the current ﬂow near the dendrite. The same model can also explain the
decrease in the maximum magnetic ﬂux density value in the dendrite when the applied ﬁeld
is increased.
The special case of hole array patterned ﬁlms have also been studied in terms of dendritic
avalanche penetration. In Vlasko-Vlasov et al. [2000], superconducting Nb ﬁlms have been
patterned with a periodic hole array. Dendritic avalanches were observed and their formation
was found to be inﬂuenced by the underlying hole array. However, the authors note that the
dendrite shape stays random and irreproducible, and the observed shape periodicity of the
dendrite is much larger than the periodicity of the hole array. Similar results have been found
in Pb [Menghini et al., 2005] and YBCO [Koleśnik et al., 2000] ﬁlms patterned with periodic
hole arrays. Periodic arrays of blind holes (not going through the entire ﬁlm thickness) lead
to an identical behavior, although in this case, the interaction is weaker [Raedts et al., 2004].
In summary, at low temperatures and ﬁelds, the ﬂux penetration in MgB2 thin ﬁlms
is governed by abrupt FJ not predicted by the critical state model. In thin ﬁlms, these
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macroscopic dendritic avalanches can block the current path, thus strongly reducing their
current carrying capabilities [Laviano et al., 2004a]. Due to the thermal origin of the FJ,
the Jc in MgB2 thin ﬁlms is governed by thermal parameters such as speciﬁc heat rather
than pinning [Bobyl et al., 2004]. It is thus an important subject of research in order to
understand and limit the occurrence of these FJ events greatly aﬀecting the stability of the
MgB2 superconducting state.

4.1.3

MgB2 wires

Processing routes
As the MgB2 material is hard and brittle, it can not be drawn into wires or tapes without
ﬁrst being placed into a metallic sheath. In addition to mechanically protecting the superconducting core, the sheath material also acts as a thermal stabilizer and provide parallel
electrical conduction [Jin et al., 2001]. A wide range of materials can be used as sheath
material for MgB2 wires such as Ag [Glowacki et al., 2001; Grasso et al., 2001; Zhou et al.,
2002a], Cu [Glowacki et al., 2001; Grasso et al., 2001; Zhou et al., 2002a; Kumakura et al.,
2003; Soltanian et al., 2003b], Fe [Soltanian et al., 2001; Horvat et al., 2002; Wang et al.,
2001; Zhou et al., 2002a; Kováč et al., 2003; Kumakura et al., 2003], Ni [Suo et al., 2001;
Grasso et al., 2001, 2002], and stainless steel. However, chemical reactions between Mg and
Ag, Cu, and Ni sheaths have been observed [Jin et al., 2001; Pradhan et al., 2001; Suo et al.,
2001; Zhou et al., 2002a; Flükiger et al., 2003; Soltanian et al., 2003b]. Such reactions cause
the MgB2 core to be depleted of Mg, increasing its porosity and reducing the current carrying capabilities of the MgB2 composite wire by up to two to three orders of magnitude [Jin
et al., 2001; Suo et al., 2001; Flükiger et al., 2003]. Fe seems to be less damaging, although a
thin diﬀusion layer is visible between the MgB2 core and the Fe sheath after annealing [Jin
et al., 2001; Kováč et al., 2003]. Moreover, Fe has the advantage of magnetically shielding
the MgB2 core, as will be explained in more detail in the next subsection. Stainless steel
sheath, on the other hand, leads to higher Jc and a sharper transition than Fe sheath, as it
is mechanically harder and thus helps to increase the core density [Fujii et al., 2002]. However, Nast et al. [2002] have shown that the current capability of MgB2 wires made via the
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ex-situ route is depressed if the wire is subjected to too much stress during the mechanical
deformation. Additionally, the presence in some stainless steels of certain elements such as
Ni and Cr, which react with Mg, limits the potential Jc improvements that stainless steel
sheath could oﬀer [Kováč et al., 2003].
Composite multilayer sheaths have also been studied, as they can combine the advantages
of good chemical compatibility and mechanical hardness. The material used for the internal
layer, in contact with MgB2 , is a chemically inert material towards MgB2 , while the external
layer is made of mechanically hard metals and alloys such as stainless steel. Pradhan et al.
[2001] have successfully processed long-length, ﬂexible MgB2 based wires with an internal
sheath layer of Ta and a Cu external layer while Nast et al. [2002] have used Nb, Fe, or Ta
for the internal sheath with an outer sheath of stainless steel to stabilize the superconductor.
For tapes, mechanically hard metals such as carbon steel and stainless steel were found
to improve the superconducting core when used in mono- or multilayer sheath materials [Kumakura et al., 2003].
The most widely used method to process MgB2 wires is the powder-in-tube technique
or PIT. In this method, the precursor powder is packed into a metallic tube (the sheath)
and compacted under pressure. The tube is then drawn to form a tube with smaller diameter in order to increase the superconducting core density and reduce the particle size [Suo
et al., 2001]. Following the wire drawing, the MgB2 composite conductor can undergo a heat
treatment, as will be discussed below. The PIT process is schematically represented in Figure 4.2. As the current carrying capabilities of MgB2 do not depend on the grain alignment,
rolling mechanical deformation to ﬂatten the wire into a tape, as shown in Figure 4.2, is
not necessary. In this work, only round wires have been studied. Therefore, the mechanical
deformation techniques to transform a round wire into a tape are not presented here, but
in Chapter 6, which focuses on Bi-2223 based superconductors for which this rolling step is
critical.
Although very simple and practical, the length of MgB2 wires produced by the PIT
technique is limited to the length of the original metallic sheath tube. The continuous tube
forming/ﬁlling method oﬀers a good alternative to this problem. For this technique, the
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Figure 4.2: The powder-in-tube process [Liu et al., 2001], Note that the rolling steps on the
last line of this schematic are not strictly necessary in the case of MgB2 based
composite conductors. On the contrary, the rolling mechanical deformations
are a critical step in the production of Bi-2223 based composite conductor as
discussed in Chapter 6.
precursor powder is automatically placed on the metallic sheath, which is then formed into
a tube around the powder. The length of the wire is thus unlimited. It can also be applied
to create multifilamentary wires by continuously wrapping several monofilamentary wires
in a metallic sheath [Liu et al., 2001]. The continuous tube forming/filling method is the
technique of choice for industrial scale MgB2 wire processing, however, it is seldom available
in research laboratories, and most of the research is done on PIT processed tapes. The wires
studied in the next section are made via the PIT processing technique.
The precursor powder can either be a pre-reacted MgB2 in the ex-situ method or a non
reacted stoichiometric mix of Mg and B powder if the in-situ route is chosen. It has to be
finely ground before being pressed into the metallic sheath tube.
In the case of the ex-situ route, the wires or tapes do not need to be sintered after deformation to attain superconducting properties similar to dense bulk MgB2 samples [Grasso
et al., 2001; Kumakura et al., 2001]. However, a heat treatment can improve the supercon-
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ducting properties of the MgB2 core by improving the core connectivity, and thus the Jc ,
by up to 20 times [Suo et al., 2001; Kumakura et al., 2003; Serquis et al., 2003]. It can
also lead to small improvements in the Tc compared to non-sintered wires [Song et al., 2002]
and sharpen the transition from the normal to the superconducting state [Suo et al., 2001].
On the other hand, an inappropriate sintering temperature and too lengthy heat treatment
can trigger considerable losses of magnesium, leading to an increase in the superconducting
core porosity and a degradation of the superconducting properties of the wire [Serquis et al.,
2003]. The sintering temperature for the ex-situ route can vary from 850 to 1100 ◦ C, and
the heat treatment usually lasts for about 30 min [Kováč et al., 2003].
The necessary heat treatment for the in-situ route is done by putting wire segments in
a sealed quartz tube and sintering at temperatures ranging from 650 to 800 ◦ C [Soltanian
et al., 2003b]. The sintering time does not need to be long: a few minutes of heat treatment
gives similar results to heat treatments of several hours [Wang et al., 2001].
Several factors are critical in order to obtain high Jc MgB2 wires: they are the particle size
of the starting powder [Suo et al., 2001; Grasso et al., 2001], the deformation process [Grasso
et al., 2001; Kumakura et al., 2001; Flükiger et al., 2003], the density of the ﬁnished MgB2
core, and the sintering conditions [Goldacker et al., 2001; Soltanian et al., 2001; Suo et al.,
2001], as well as the chemical compatibility between precursor powder and sheath material.
For this last parameter, the ex-situ process can be useful if the sheath used for the wire has
the tendency to react with elemental Mg and/or B, and not with MgB2 : Ag, for example,
reacts with Mg easily but would only react with MgB2 at higher temperatures, when MgB2
would actually decompose [Glowacki et al., 2001].
Senkowicz et al. [2006] have shown with the help of the MO technique that the superconducting core of the ﬁnal MgB2 based wire is, in general, inhomogeneous, and only 10
to 50 % of the core cross section is actually used in the transport of current. They have
shown that the 100% dense areas, which are as large as 0.5 mm2 , have a Jc equal to 2 to 6
times the value of the global Jc measured for the entire MgB2 core. The porosity of MgB2
is thus a concern, but it can be improved by adding a post-annealing deformation step and
a subsequent heat treatment to the processing route [Zhou et al., 2002b].
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Multiﬁlamentary wires can also be produced, but they generally give lower Jc values,
probably due to their lower density, leading to a decrease in grain connectivity [Kumakura
et al., 2001; Flükiger et al., 2003].

Inﬂuence of magnetic environments on ﬂux penetration in superconductors
As brieﬂy stated in the previous section, iron is advantageous to be used as a sheath material,
as not only it is chemically compatible with MgB2 and mechanically hard [Suo et al., 2001],
but it is also a magnetic material that can shield the superconducting wire from the external
ﬁeld [Buzea and Yamashita, 2001; Horvat et al., 2002; Pan et al., 2003a].
The behavior of superconductors in terms of magnetic ﬂux penetration and current distribution in a magnetic environment has been extensively studied both theoretically and
experimentally with global magnetization measurements, transport measurements and MO
imaging. It has been shown that a magnetic environment induces a modiﬁcation of the edge
barriers against the entry of magnetic ﬂux in a superconductor, thus aﬀecting the magnetic
ﬁeld distribution in the superconducting sample [Genenko et al., 1999, 2005; Jooss et al.,
2005; Yampolskii and Genenko, 2005].
However, these modiﬁcations strongly depend on the orientation of the magnetic ﬂux
and the shape and position of the magnet(s) around the superconducting sample. Moreover,
depending on the surrounding magnetic spatial arrangements, the edge barriers can either
be greatly enhanced or depressed [Genenko et al., 1999, 2000; Yampolskii et al., 2004].
Genenko et al. [2005] have shown that in the case of a semi-inﬁnite superconductor adjacent
to a semi-inﬁnite magnet, the external magnetic ﬁeld is not shielded and the edge barrier
remains almost unchanged compared to the case of a semi-inﬁnite superconductor in vacuum.
On the contrary, the same study shows that in the case of a superconducting wire in a coaxial
magnetic environment, the ﬁeld of ﬁrst penetration is greatly enhanced and the dependence
of Jc on the applied ﬁeld is strongly suppressed [Genenko et al., 2005]. Experimentally, Pan
et al. [2004c] have also shown a strong decrease of the magnetic screening when the ﬁeld
is applied parallel to the axis of a MgB2 /Fe sheathed round wire, whereas strong magnetic
shielding was observed when the applied magnetic ﬁeld was perpendicular to the wire axis.
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Moreover, the same study shows that the magnetic screening is stronger in the case of
cylindrical MgB2 wires with small core size compared to MgB2 /Fe sheathed tapes. It is also
to be noted that, from the calculation of Genenko et al. [2000], changes in the magnetic
permeability of the magnetic environment do not seem to have a strong impact on the
magnetic behavior of the superconductor, whereas the distance between the magnet(s) and
the superconductor has a great inﬂuence on the shielding eﬀect.
Theoretically, it has been calculated that when the spatial conﬁguration leads to an
enhancement of the edge barrier, the Meissner state is protected, the ﬁeld of ﬁrst ﬂux penetration is increased, and the Jc dependence on the applied ﬁeld is decreased [Genenko
et al., 1999, 2004, 2005]. In addition, a strong reduction of the edge current peaks is expected, with a redistribution of the dissipation free current leading to the appearance of the
so-called “overcritical state” [Yampolskii et al., 2004; Genenko et al., 2004]. These phenomena have been conﬁrmed experimentally in YBCO thin ﬁlms by placing soft magnets at
the ﬁlm edges perpendicularly to the ﬁlm surface [Jarzina et al., 2002; Jooss et al., 2005]. In
both studies, the authors have observed via MOI the stabilization of the Meissner state due
to a strong decrease in the magnetic ﬂux density peaks at the edges of the YBCO samples.
In addition, the quantiﬁcation of the MO images obtained for these YBCO thin ﬁlms in a
magnetic environment shows the existence of local overcritical currents near the magnets
that are up to 4 to 5 times larger than the Jc values calculated for the same ﬁlms without
the magnetic environment [Jarzina et al., 2002; Jooss et al., 2005]. The same authors also
reported the stabilization of the Meissner state at grain boundaries [Jooss et al., 2005].
The speciﬁc magnetic shielding of the MgB2 in MgB2 /Fe sheathed wires has also been
studied in order to improve their current capabilities. Majoros et al. [2000] theoretically
calculated that the iron shielding would not have any eﬀect in the case of cylindrical wires,
but would reduce the AC losses and change the magnetic ﬂux distribution of the MgB2 core
in the case of wires with elliptical cross sections and multiﬁlamentary tapes. This results
are in opposition to the theoretical results obtained by Yampolskii and Genenko [2005] and
Genenko et al. [2005], which both estimate that the particular MgB2 /Fe sheathed round wire
geometry should lead to an increase in the magnetic ﬁeld of ﬁrst ﬂux penetration, protection

4.1. Literature review on MgB2

75

of the Meissner state, and a decrease of the Jc dependence on the external ﬁeld.
The experimental studies made on MgB2 /Fe sheathed wire tend to agree with these last
results. Indeed, it has been shown in diﬀerent works that the Jc is improved compared to
a bare MgB2 wire, in the case of an MgB2 /Fe sheathed round wire, by up to one order
of magnitude for a wide range of applied ﬁelds [Pan et al., 2003a, 2004c; Pan and Dou,
2004]. The decrease of the Jc dependence on the applied ﬁeld has also been demonstrated
experimentally for magnetic ﬁelds up to 1 T [Horvat et al., 2002; Pan et al., 2003a]. Due
to the absence of a shielding eﬀect when the magnetic ﬁeld is applied parallel to the MgB2
core axis, the overcritical state is thought to be due to a redistribution of the supercurrents
toward the core center. In a MgB2 cylinder that is not in a magnetic environment, the
dissipation free supercurrents ﬂow only in a thin layer at the surface of the superconducting
material. The eﬀective cross sectional area available for the current ﬂow is thus limited. By
redistributing the current toward the MgB2 core center, the magnetic environment (in this
case the Fe sheath) enables the superconducting core to carry a higher transport current
without dissipation [Pan et al., 2004c; Pan and Dou, 2004].
Although the presence of iron around the MgB2 core improves the superconducting properties of the superconductor at low ﬁelds, the shielding eﬀect is incomplete when the applied
ﬁeld reaches the iron sheath saturation ﬁeld Bs [Pan et al., 2003a]. Above this value, the
magnetic environment tends to decrease the irreversibility ﬁeld [Pan et al., 2003a, 2004c],
and a faster drop of the Jc is observed in Fe-sheathed samples when the applied ﬁeld is
increased above Bs [Pan and Dou, 2004]. Moreover, in MgB2 /Fe sheathed wires at low temperature, the ﬂux jumps commonly observed in MgB2 superconductor are enhanced [Pan
and Dou, 2004], thus reducing the stability of the superconducting state. This is due to the
fact that the iron material is a poor thermal conductor, and thus the heat dissipation caused
by the movement of the ﬂux lines is not eliminated from the superconducting core quickly
enough. The local temperature then rises, triggering a ﬂux jump. It is also to be noted
that the magnetic behavior of the MgB2 /Fe sheathed composite is strongly dependent on its
magnetic history [Pan et al., 2003a; Pan and Dou, 2004].
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MgB2 thin ﬁlms made by PLD

As seen in Section 4.1.2, at low temperature and low ﬁeld MgB2 superconductors see their
Jc signiﬁcantly depressed (up to 50%) due to magnetic ﬂux jumps. Such instabilities limit
practical applications of this material. Thin MgB2 ﬁlms are the worst aﬀected. Consequently,
it is of vital importance to understand these abrupt events of ﬂux jump instability, their origin
and development in the material.
Two types of MgB2 thin ﬁlms produced by pulsed laser deposition with diﬀerent insitu and ex-situ sintering route have been studied during the course of this PhD. Using
the magneto-optical (MO) imaging technique, the magnetic ﬂux penetration behavior in the
ﬁlms has been investigated. In the case of the in-situ ﬁlm, the MO observations revealed
conventional ﬂux-jumps below the corresponding threshold temperature as described in Section 4.1.2. However, in the case of the ex-situ ﬁlm the ﬂux-jumps appeared to be in the
form of unusual, structurally driven “blob”-like patterns. The underlying structural features
of the ﬁlms have been investigated by scanning electron and atomic force microscopy. The
critical current density dependence on applied magnetic ﬁeld obtained from magnetization
measurements is consistent with the local behavior of the magnetic ﬂux, as well as with
the ﬂux pinning properties expected from the crystalline structure of the ex-situ ﬁlm and
the amorphous-like surface of the in-situ ﬁlm. On the basis of these structural and electromagnetic observations, a mechanism for the structurally driven, spatially reproducible
ﬂux-jumps is proposed.

4.2.1

Experimental details

The MgB2 ﬁlms were fabricated on Al2 O3 substrates by the PLD technique with the target
aligned with the substrate. For the samples referred to as in-situ ﬁlms, we ﬁrst deposited
a ﬁlm using a stoichiometric MgB2 target under a low pressure of argon gas, maintaining
the substrate at 250◦ C. This was followed by the deposition of a magnesium cap layer about
800 nm thick. The sample was then annealed in the deposition chamber at 685◦ C in argon for
1 minute under 1 atm pressure. The ﬁlms referred to as ex-situ were prepared by depositing
a boron precursor ﬁlm in vacuum. Then, the boron ﬁlm was wrapped in tantalum foil and
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sealed in a stainless steel tube together with magnesium pellets. The tube was subsequently
heat-treated for 30 min at 900◦ C in a furnace. More details of the synthesis of both kinds
of ﬁlms are described by Zhao et al. [2003a,b]. For this work, one typical sample of each
kind was studied. Their preparation details and important characteristics are summarized
in Table 4.1.
The MO technique was used to study the local magnetic ﬂux behavior, and magnetization measurements have been done in order to compare and connect the local and global
behavior of the magnetic ﬂux. These measurements have been carried out with a SQUID
magnetometer. The magnetization hysteresis loops obtained have been used for calculation
of the critical current density (Jc ) of the ﬁlms with the help of equation 3.2. The surface
topography and the thickness of the ﬁlms (d) have been obtained by AFM and SEM. The
thickness of the ﬁlms was determined to be 300 nm for both ﬁlms.

4.2.2

Comparison of ex-situ and in-situ ﬁlms

Magneto-optical observations
Figure 4.3 and Figure 4.4 show MO images of the in-situ and ex-situ ﬁlms, respectively. The
pictures were taken at constant temperatures while the applied magnetic ﬁeld was slowly
increased. At 4 K the penetration behavior is governed by the abrupt macroscopic motion
of vortices, creating dendrite-like structures in both ﬁlms as described in Section 4.1.2.
However, the dendrites clearly appear to be diﬀerent in each ﬁlm:
(i) In the in-situ ﬁlm, the dendrites were numerous; they developed more branches and
had thinner and longer cores than in the other ﬁlm.
Table 4.1: Film preparation and characteristics of MgB2 thin ﬁlms.
in-situ

ex-situ

Sintering
process

Sintered in the PLD
chamber: 685◦ C for 1 min

Sintered in a furnace: 900◦ C
for 30 min

Tc in zero
ﬁeld

28 K

36 K

Film
topology

≈ 300 nm thick with 500 nm
height droplet, very rough

≈ 300 nm thick, smoother
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Figure 4.3: Magnetic ﬂux penetration in the in-situ ﬁlm at diﬀerent temperatures and
applied ﬁelds: (a) T = 4 K, Ba = 3.4 mT, (b) T = 4 K, Ba = 8.5 mT,
(c) T = 4 K, Ba = 25.5 mT, (d) T = 15 K, Ba = 3.4 mT, (e) T = 15 K,
Ba = 10.2 mT, (f) T = 15 K, Ba = 27.2 mT.

Figure 4.4: Magnetic ﬂux penetration in the ex-situ ﬁlm at diﬀerent temperatures and
applied ﬁelds: (The bright regions in the lower right corner are due to stress in
the indicator ﬁlm and do not correspond to high magnetic ﬂux density areas.)
(a) T = 4 K, Ba = 3.4 mT, (b) T = 4 K, Ba = 17 mT, (c) T = 4 K,
Ba = 25.5 mT, (d) T = 15 K, Ba = 3.4 mT, (e) T = 15 K, Ba = 17 mT, (f)
T = 15 K, Ba = 27.2 mT.
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(ii) The ex-situ ﬁlm exhibited fewer, and considerably thicker, “blob”-like structures.
Above a threshold temperature of Tth ∼ 8 K, the magnetic ﬂux penetration becomes
gradual with time for both ﬁlms. However, spatial features of the penetration remain diﬀerent
between the two studied samples. In the ex-situ ﬁlm, the ﬂux front is still not smooth,
whereas in the in-situ ﬁlm the overall penetration pattern is regular as predicted by the
critical-state model.
Figure 4.5 shows the current density map of both ﬁlms at 4 K and 17 mT. It can be seen
that the dendritic penetration behavior strongly disturbs the current ﬂow. For both ﬁlms,
the current density is highly inhomogeneous in the ﬂux penetrated regions instead of being
constant and equal to Jc . Areas with no or very low current density are present in the ﬂux
penetrated regions of both ﬁlms, but especially in the in-situ ﬁlm. This tends to show a much
lower Jc value for the in-situ ﬁlm at low temperatures and low applied ﬁelds compared to the
ex-situ ﬁlm. This observation is conﬁrmed by the magnetization measurements presented
below.

Figure 4.5: Current maps of the two MgB2 thin ﬁlms studied at T = 4 K and Ba = 17 mT.
The map in (a) corresponds to the in-situ ﬁlm and the map in (b) to the
ex-situ ﬁlm. The color scale for the current density is only in arbitrary units
as calibration images were not available. The black lines correspond to the
direction of the supercurrent ﬂow. The presence of areas beyond the sample
borders for which the current density is not zero is an artefact due to defects
in the MOL.
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Figure 4.6: Jc dependence on the applied magnetic ﬁeld (a) in the in-situ ﬁlm and (b) in
the ex-situ ﬁlm.

Figure 4.7: The same Jc ﬁeld dependence as shown in Figure 4.6 for low ﬁelds up to 0.14 T
only: (a) in the in-situ ﬁlm and (b) in the ex-situ ﬁlm.
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Global magnetization measurements
Figure 4.6 shows the Jc dependence on the applied ﬁeld up to 5 T for both ﬁlms. Details
of the behavior at ﬁelds below 0.14 T are seen in Figure 4.7. A depression of Jc is observed
at T ≤ 9.0 K for the in-situ ﬁlm and at T ≤ 13 K for the ex-situ ﬁlm. These reductions
in apparent Jc can be understood as the result of the dendritic ﬂux-jumps seen with MO
imaging.
Note, however, that the threshold temperatures found in the magnetization measurements are higher than in the MO experiments. There are several possible reasons for that.
First, the sample mounting in the two experiments is diﬀerent. In particular, the presence
of a metallic layer on the MO indicator ﬁlm is known to suppress the formation of dendrites,
as explained in Section 4.1.2. Second, the Jc obtained from global magnetometery is derived
from both the ascending and descending ﬁeld branches. Since antidendrites are formed more
easily in decreasing ﬁeld than dendrites in increasing ﬁeld, we ﬁnd here a higher threshold
temperature.
At zero ﬁeld, the ex-situ ﬁlm exhibits a much higher Jc (0 T ): 9 × 1010 A/m2 at T = 10 K
as compared to the in-situ ﬁlm where Jc (0 T, 10 K)

1.5 × 1010 A/m2 . However, in

increasing magnetic ﬁelds the Jc drops much faster in the ex-situ ﬁlm than in the in-situ
sample. This Jc (Ba ) behavior indicates that the in-situ ﬁlm has many more defects suitable
for strong pinning than the ex-situ sample.

Structural characterization of the ﬁlms
To get more insight into the diﬀerent behavior of Jc (Ba ) in the two types of ﬁlm, their
surface morphology was studied using AFM and SEM. As seen in Figure 4.8 the ex-situ
ﬁlm has a better crystallized structure with large, almost hexagonal grains, as compared
to the in-situ ﬁlm, which has a rather smooth, but granular structure. We ﬁnd no favored
crystallographic orientation in any of these surfaces. Note the scale diﬀerence in the two
AFM images. More details about the microstructure of both ﬁlms and its eﬀect on their
superconducting properties can be found in Zhao et al. [2005b].
A careful study of the AFM data shows that the landscape of the ex-situ sample exhibits
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Figure 4.8: AFM pictures of (a) the in-situ and (b) the ex-situ ﬁlms. The areas covered
are 0.5 × 0.5µm2 and 2 × 2µm2 , respectively, and the white circles on ﬁgure (b)
correspond to “partial” holes on the surface of the ﬁlm and the dashed lines
to “partial” valleys.
an array of regions with reduced ﬁlm thickness that are randomly scattered over the entire
ﬁlm surface. Encircled in Figure 4.8 (b) are a number of such “incomplete holes”. The
diameter of these features varies from 0.2 to 0.8 µm. Their depth is of the order of 100 nm,
which corresponds to one third of the total thickness of the superconducting layer. Some of
the incomplete holes are as deep as 150 nm (half the ﬁlm thickness).
The SEM pictures in Figure 4.9 show the surface topography of each sample at larger
scales. Here the ex-situ surface is noticeably more homogeneous than in the in-situ ﬁlm,
where numerous droplets are found over its entire surface area.

Figure 4.9: SEM pictures of the in-situ (a) and the ex-situ (b) ﬁlms.
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Discussion

Whereas the formation of the dendritic structures seen in our in-situ ﬁlm possesses essentially
all the characteristics reported in previous papers on the subject, our ex-situ ﬁlm displays
elements of a distinctly new behavior. Shown in Figure 4.10 are examples of unexpected
features of the dendrites observed in the ex-situ ﬁlm. The four images were taken during
four separate experiments with the same sample, all done at T = 4 K, and after ramping the
applied ﬁeld to Ba = 10.2 mT, 8.5 mT, 10.2 mT, and 11.9 mT. The insets in each panel show
MO images from the same four experiments but at the higher ﬁeld of 34 mT. It is evident that
the observed structures reproduce the same ﬂux pattern from one experiment to another,
contradicting the expectation for dendritic ﬂux-jumps described previously in Section 4.1.2
and in Johansen et al. [2001, 2002]. Another new feature, seen from the insets, is that the
irregular ﬂux patterns clearly continue to evolve as the applied ﬁeld increases. Furthermore,
a comparison of the ﬂux penetration behavior below and above the threshold temperature,
presented in Figure 4.11, shows that the ﬂux patterns tend to reproduce the same structures,
even above Tth . This behavior suggests that the fast forming ﬁnger structures decorated with
“blob”-like patterns is strongly governed by defects present in the sample. We believe that
these features resulted from the distribution of incomplete holes shown in Figure 4.8 (b).
Several groups have studied the inﬂuence of hole arrays on the ﬂux penetration in superconducting ﬁlms. In the works of Vlasko-Vlasov et al. [2000] and Raedts et al. [2004],
the holes had a diameter of the same order of magnitude as the holes in our ex-situ ﬁlm,
and vortices were shown to strongly interact with such defects. This is also the case for
incomplete holes [Raedts et al., 2004], as in our ex-situ ﬁlm. It has been shown that holes
act like collectors of magnetic ﬂux when their diameter is larger than the superconductor’s
coherence length. However, MO imaging studies of ﬁlms patterned with diﬀerent hole lattices indicated out that the periodicity of the observed ﬂux patterns can be much larger than
the periodicity of the hole lattice [Vlasko-Vlasov et al., 2000; Koleśnik et al., 2000]. This is
indeed similar to our results, as the typical distance between the observed “ﬂux blobs” is
much larger than the distance between the incomplete holes in the ex-situ ﬁlm. However,
the penetration described in Vlasko-Vlasov et al. [2000] was shown to be independent of
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Figure 4.10: MO images of the same ex-situ ﬁlm during four diﬀerent sets of measurements. The applied ﬁelds are (a) 10.2 mT, (b) 8.5 mT, (c) 10.2 mT, and (d)
11.9 mT. All the pictures were taken at T = 4 K. The insets shows the area
corresponding to the area marked by the white rectangle in ﬁgure (a) for the
same set of measurements respectively but at higher ﬁelds (Ba = 34 mT ).

Figure 4.11: MO images of the same ex-situ ﬁlm during four diﬀerent sets of measurements;
the applied ﬁeld is about 10.2 mT, and the temperature is 4 K for images (a)
and (b), 8 K for image (c), and 15 K for image (d). The scale bar corresponds
to 0.2 mm, and the arrow marks a “runaway” ﬂux spot.
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the structural features of the sample, and also spatially non-reproducible, as a result of a
perfect ﬁlm and hole lattice. In contrast, our ex-situ sample shows ﬂux patterns that are
spatially reproducible both below and above the threshold temperature, suggesting that a
new magnetic ﬂux penetration mechanism plays a crucial role in this ﬁlm.
In addition to the incomplete holes randomly distributed over the entire ﬁlm surface,
shallower valleys form a network between the holes (Figure 4.8). Thus, the sample consists basically of a network of vortex collecting defects, connected by channels, which act
as lines of easy ﬂux penetration. Therefore, this network creates a dominant guided ﬂux
motion even during the course of the ﬂux jumps and hence removes the commonly observed
irreproducibility of the phenomenon.
Consequently, the observed “blob”-like penetration patterns are likely to follow this process: the external ﬂux is focused at edge defects, and as the external ﬁeld is increased,
ﬂux-jump avalanches occur. However, instead of forming dendrites of random shapes and at
random locations, the ﬂux is “guided” through the incomplete holes interconnected by numerous shallow valleys. The ﬂux penetration patterns are expected to be similar below and
above the ﬂux-jump threshold with the only diﬀerence being that above the threshold the
process is gradual, whereas below the threshold this process is abrupt, exhibiting ﬂux-jumps
as observed in our experiments and in the magnetization curves.
A reproducible “runaway” ﬂux spot, such as is marked by the arrows in Figure 4.11 could
imply that the ﬂux pinning is quite small in the ex-situ ﬁlm. Thus, after a ﬁeld increase, the
ﬂux is collected in incomplete holes where the pinning level for vortices or multi-quantum
ﬂux bundles can be signiﬁcantly higher. Furthermore, the high purity crystalline structure
easily expels the ﬂux into “blob”-like holes due to the local recovery of the Meissner state
after a ﬂux-jump avalanche passage event. This description is consistent with the Jc (Ba )
dependence measured for the ex-situ ﬁlm. A high zero-ﬁeld critical current density and its
rapid degradation as a function of the ﬁeld are characteristic of relatively high purity samples
with the ﬂux pinning (e.g., by ﬂux collecting holes) eﬀective at low ﬁelds only.
It is also interesting to note that the “common” dendritic avalanches as described in
Section 4.1.2 and in Altshuler and Johansen [2004]; Johansen et al. [2001, 2002]; Baziljevich
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et al. [2002]; Shantsev et al. [2003]; Bobyl et al. [2002] are virtually non-existent in the
ex-situ ﬁlm. As explained in Section 4.1.2, a “common” dendritic avalanche is triggered
only when the local magnetic ﬁeld reaches the threshold value Bth . The quasi absence of
“common” dendrites in the ex-situ ﬁlm is thus most probably caused by the fact that the
observed abrupt “blob” penetration events prevent the local magnetic ﬂux from reaching the
threshold value Bth in most areas of the sample.

4.2.4

Conclusion

The ex-situ and in-situ MgB2 thin ﬁlms were prepared by the PLD technique under diﬀerent
conditions. A signiﬁcant diﬀerence in the local magnetic behavior of the ﬂux penetration in
the ﬁlms has been explained by the combination of global and local structural, as well as
electromagnetic, experiments. The MO images show that the magnetic ﬂux penetration in
both ﬁlms below their corresponding temperature thresholds is governed by abrupt thermomagnetic ﬂux-jump avalanches corresponding to the anomalous noise observed in the Jc -ﬁeld
curves. The penetration in the in-situ ﬁlm is consistent with the dendrite penetration widely
discussed in the literature. In contrast, the ﬂux penetration into the ex-situ ﬁlm has been
found to occur by unusual structurally driven ﬂux-jumps. These “blob”-like features strongly
interact with the underlying incomplete hole structure of this ﬁlm. These interactions lead
to spatially reproducible ﬂux avalanches.

4.3

MgB2 wires

As reviewed in Section 4.1.3, the use of iron material for the MgB2 wire sheath can magnetically shield the superconducting core and lead to overcritical behavior where the supercurrent density in a sheathed wire is superior to the critical current density measured under
the same conditions for a bare wire. In this work, the magnetic behavior of iron sheathed
magnesium diboride (MgB2 ) wires was investigated with global magnetization measurements
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and MO images. The magnetization measurements have shown unusual critical current density variations compared to a superconductor that is not in a magnetic environment. Local
quantitative studies, through MO images, are linked to these global magnetization measurements in order to better understand the observed results. From the images obtained,
the ﬁrst quantiﬁcation of the magnetic ﬂux in the superconducting core of iron sheathed
MgB2 wires was obtained. The results of this quantiﬁcation enable a ﬁrst evaluation of the
local current density J in the superconducting core following the equation from Welp et al.
[1995]: ∂B/∂x = −(µ0 J/2)(1 − a/πd), with a and d the width and thickness of the sample,
respectively. It is shown that the current distribution is aﬀected by the soft magnetic sheath
interacting with the superconducting core.

4.3.1

Experimental details

The MgB2 wires investigated were produced by the powder-in-tube technique. Details of the
fabrication process can be found in Pan et al. [2003a].
The global magnetic measurements were done using a SQUID magnetometer with the
magnetic ﬁeld applied perpendicularly to the core. The data obtained were used to calculate
the critical current density (Jc ) as a function of the applied ﬁeld (Ba ) from equation 3.3.
To observe the local behavior of the magnetic ﬂux with the MO technique, a sample
was polished to the white lines depicted in Figure 4.13 (a). The sample was then connected
through copper wires to a current source and placed on the sample holder in the cryostat
for magneto-optical observations.

4.3.2

Results and discussion

The results obtained from global magnetic measurements, Jc as a function of Ba , are presented in Figure 4.12 (a). The method to calculate the iron saturation ﬁeld Bs is represented
in Figure 4.12 (b). The Jc (Ba ) curves are similar to the ones shown in recent works from Pan
et al. [2003b, 2004c] and Pan and Dou [2004]. In our case, the iron magnetic saturation ﬁeld
Bs was evaluated to be equal to 0.51 T, and the maximum critical current density at 15 K is
Jc = 2.47 × 109 A/m2 at an applied ﬁeld Ba ≈ Bs . The maximum Jc for lower temperatures

4.3. MgB2 wires

88

Figure 4.12: Magnetization measurements of MgB2 /Fe sheathed wire:
(a) Jc curves as a function of the applied ﬁeld at diﬀerent temperatures,
(b) Magnetization signal for the Fe sheath and method for the determination
of Bs .
could not be determined due to the ﬂux jumps usually occurring in MgB2 superconductors.
To better understand the local magnetic behavior MO imaging has been used. Typical
MO images are presented in Figure 4.13 (b), (c) and (d). For these pictures, the sample
was ﬁeld cooled, then the applied ﬁeld was turned oﬀ. Figure 4.13 (b) was taken just after
Ba was switched oﬀ, with no applied current (It = 0) whereas (c) and (d) were taken with
It = 10 A and 15 A, respectively.
Figure 4.14 shows two sets of magnetic ﬂux and current density proﬁles for diﬀerent It
at T = 5 K. To obtain these proﬁles, the sample was ﬁeld cooled (FC) in an external ﬁeld
Ba = 33 mT. Figure (a) corresponds to the behavior of the wire when only It is applied,

Figure 4.13: (a) SEM image of the MgB2 wire used for MO imaging. The white lines
demarcate the regions of the sample that were polished oﬀ for MO observation.
(b), (c) and (d) are typical MO images taken after ﬁeld cooling the sample
in 33 mT and switching oﬀ the external ﬁeld at 5 K: (b) with no applied
current, in (c) It = 10 A, whereas in (d) It = 15 A. The white rectangle
in (b) corresponds to the area used to calculate the quantiﬁed ﬂux proﬁle of
Figure 4.14.
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while for (b), Ba = 33 mT was applied in addition to It .
The same sets of proﬁles were calculated in the case of the zero ﬁeld cooled (ZFC)
state. However, these ZFC proﬁles do not show any unusual behavior, with only negligible
supercurrents ﬂowing in the MgB2 core. Therefore this study will focus on the proﬁles
obtained after the sample was FC.
In Figure 4.14 (b) stronger magnetic ﬂux is visible in the iron sheath due to the additional applied ﬁeld Ba = 33 mT. This leads to much steeper ﬂux gradients, thus higher J
values in the core near the superconductor/sheath boundary. Another obvious observation
is the asymmetry in B and J proﬁles at the edge of the core in Figure 4.14 (b) due to the
superposition of the It self ﬁeld and Ba . This asymmetry increases with increasing It , and
a dip forms around x = 1.2 mm in the B proﬁles as the applied current rises. This dip

Figure 4.14: Magnetic ﬂux and current density proﬁle of the Fe-sheathed round wire with
diﬀerent applied currents at 5 K after the wire was ﬁeld cooled. The grey
areas correspond to the iron sheath. Note the diﬀerent scales for B and J in
each ﬁgure.
(a) Only a transport current is applied on the wire;
(b) A transport current and an external magnetic ﬁeld Ba = 33 mT are
applied.
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might be a sign of a supercurrent redistribution, which becomes much more apparent at
higher ﬁelds, eventually resulting in overcritical currents at Ba ∼ Bs [Pan and Dou, 2004].
A change in the B proﬁle for It = 15 A in Figure 4.14 (b) is also evident. The observed
regular slope across the superconducting core in Figure 4.14 (b) corresponds to a relatively
small ﬂow of current over the entire MgB2 core as seen in Pan et al. [2004a].
In Figure 4.14 (a), the highest curve of B proﬁles was acquired just before turning oﬀ
the external ﬁeld. It should be noted that the maximum ﬂux density frozen in the core is
lower than 33 mT, due to the incomplete shielding eﬀect of the Fe sheath. The subsequent
curves were obtained in Ba = 0 T, and a broad peak is formed in the superconducting core
corresponding to the frozen ﬂux. Some of the MO images used to calculate these proﬁles are
shown in Figure 4.13 with increasing It from (b) to (d).
In Figure 4.13 and Figure 4.14 (b), a shift of the ﬂux density peak to the left hand side is
observed as It is increased. This occurs due to the superposition of the It self-ﬁeld and Ba ,
as in the case shown in Figure 4.14 (b). The J proﬁles clearly indicate that supercurrents
ﬂow inside the core and not only in a thin layer on its edges. In addition, the peaks at the
core edges of the J proﬁles are lower, but wider, if compared to Figure 4.14 (b) or the proﬁles
calculated in the ZFC state. This indicates that a larger area is utilized for the current ﬂow.
√
The depairing current density J0 = φ0 /(3 3πµ0 λ2 ξ) is the maximum current possible in
the wires. In our case J0 is equal to 8.6×1011 A/m2 . Jc as controlled by the pinning has been
found with the help of global magnetization measurements to be equal to 2.47 × 109 A/m2
at T = 15 K. In comparison, the maximum current density J calculated from the MO
images is of the order of 5 × 106 A/m2 at T = 5 K (Figure 4.14 (b)). It follows that the
maximum current density measured with the MOI system is below the value of Jc measured
with global magnetization measurement. This value itself being smaller that the depairing
current. Therefore, no overcritical currents are observed in the sample over the investigated
ranges of temperatures, applied ﬁelds, and applied currents. However, it should be mentioned
that the applied ﬁeld of 33 mT is below the MgB2 ﬁrst critical ﬁeld (Bc1
from the measured saturation ﬁeld (Bs
overcritical parameters.

60 mT) and far

500 mT). This could impede the visualization of
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Overcritical currents have been observed in MgB2 wires [Pan and Dou, 2004] when iron
sheathed MgB2 wires were compared to bare MgB2 wires. They are presumably due to
redistribution of the supercurrent, resulting in a more eﬀective use of the wire interior. This
trend can be observed in Figure 4.14 (b) as described above.
We argue that the overcritical currents might not be observed in our work due to the
following reasons:
1. The are no “overcritical” currents as such (i.e. J > Jc ), so that the overcritical
state observed in the global experiments in MgB2 wires would be governed by the current
redistribution or more eﬀective use of the superconductor interior in a particular ﬁeld range.
In this case, one should not expect to ﬁnd J > Jc in the superconductor. This is in contrast
to the superconductors considered in Genenko et al. [2000] and Jarzina et al. [2002], which
are thin strips. Indeed, in thin superconducting samples, the supercurrents ﬂow across the
whole sample thickness, which is contrary to the case of bulk superconductors where the
supercurrents only ﬂow in a thin layer at the sample surface.
2. The ﬁeld limitation in the MO imaging set-up do not allow us to reach the condition
Ba ≥ Bs at which the overcritical state was observed in global experiments [Pan et al.,
2003b; Pan and Dou, 2004; Pan et al., 2004c].
3. The pinning and magnetic sheath properties in the investigated wires may have properties that are not favorable for overcritical state observation. Indeed, the eﬀects of diﬀerent
sheath properties and pinning properties on the overcritical state are unclear at present.
However, indications that these parameters strongly aﬀect the overcritical state have been
demonstrated in Pan et al. [2003b, 2004c]. Transport current experiments targeting low ﬁeld
regions in samples with various sheath and pinning parameters are necessary to understand
the origin of the overcritical state in Fe-sheathed MgB2 wires.

4.3.3

Conclusion

We investigated the interaction of the magnetic sheath and superconductor in MgB2 Fesheathed wire with global magnetization measurements and local MO imaging for perpendicular applied ﬁelds. Such interactions are mainly visible in the case of the FC state and
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with Ba = 0. In this case, a redistribution of supercurrents is observed, and supercurrents
ﬂow in the center of the core as well as in wider areas at the edges. The magnetic ﬂux
and J proﬁles were quantiﬁed, but no overcritical currents (J > Jc ) have been observed.
More transport experiments in the low ﬁeld region are needed to clarify the origin of the
overcritical state in MgB2 wires sheathed in iron.

Chapter 5

Magneto-optical studies of
YBa2Cu3O7
The HTS YBa2 Cu3 O7 , commonly named YBCO, was discovered in 1987 by Wu et al. [1987].
With a Tc of 92 K, it was the ﬁrst known material exhibiting superconductivity above the
liquid nitrogen temperature. Nowadays, it is developed along with the Bi-2223 based superconducting tapes to create the so-called second generation of superconducting HTS tapes
to be used in superconductor based power transmission cables, superconducting generators
and transformers, and high ﬁeld magnets.
YBCO coated conductors formed by a YBCO ﬁlm on a substrate oﬀer a good alternative to the Ag/Bi-2223 conductors presented in Chapter 6, especially at high ﬁeld and
liquid nitrogen temperature, under which conditions Bi-2223 exhibits weak pinning properties [Finnemore et al., 1999; Service, 2005]. In this chapter, the physical properties of YBCO
are presented along with a review of the current state of research for the manufacture of eﬃcient YBCO coated conductors. The second part of the chapter focuses on magneto-optical
studies of diﬀerent YBCO samples and presents the conclusions drawn from the obtained
results.

5.1. Literature review
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Literature review on YBa2 Cu3 O7
Physical properties of YBCO

YBCO superconductor is a type II superconductor with a critical temperature of 92 K [Cyrot
and Pavuna, 1992; Larbalestier et al., 2001b]. It is a perovskite with an orthorhombic layered
structure [Larbalestier et al., 2001b], its unit cell being composed of seven layers in the
following order:
• A Cu-O layer with the copper being surrounded by 4 oxygen atoms, this plane consist of
parallel Cu-O-Cu-O chains and is referred to as a Cu-O layer
• A Ba-O layer
• Another Cu-O layer, but this time the copper is surrounded by 5 oxygen atoms, so it is
usually referred as the Cu-O2 plane
• An Y layer without any oxygen atoms
• A second Cu-O2 plane
• A second Ba-O layer
• A second Cu-O layer
The Cu-O and Ba-O layers act as charge reservoirs, whereas the two Cu-O2 planes are
strongly superconducting [Cyrot and Pavuna, 1992]. A schematic representation of a unit
cell can be seen in Figure 5.1.

Figure 5.1: Crystallographic structure of YBCO.
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At room temperature YBCO displays a metallic behavior with a conductivity of the
same order as other metallic alloys in the ab-plane. Along the c-axis however, the conductivity is much smaller. Such normal state metallic conductivity is due to the copper-oxygen
planes. [Cyrot and Pavuna, 1992]
Oxygen stoichiometry in this compound is crucial to its superconductivity. Indeed, the
superconductivity in YBCO is not due to Cooper pairs of electrons but to Cooper pairs of
holes [Owens and Poole, 1996]. Both Cu2+ and Cu3+ are present in the YBCO structure.
These ions are the “hole” reservoirs. Their relative proportion depends on the stoichiometry
of oxygen as the atoms of oxygen in the YBCO structure give O2− ions. Thus, when the
quantity of O2− varies, the relative proportions of Cu2+ and Cu3+ also vary in order to
maintain the electron neutrality of the YBCO material. In addition, if the proportion of Cu3+
is too low, superconductivity through Cooper pairs of holes can not occur. By increasing
the content of O2− in YBCO, one increases the proportion of Cu3+ relatively to Cu2+ and
thus creates or improves the superconductivity due to Cooper pairs of holes. Hence, in
YBa2 Cu3 O6+x , when x < 0.4, the compound is an insulator, but for 0.4 < x < 1.0 the
compound becomes a superconductor. At x = 0.4, the YBCO crystal contains some oxygen
vacancies, mostly in the Cu-O chains. These vacancies are ﬁlled when x increases up to 1, at
which stage the unit cells is similar to the one represented in Figure 5.1 [Cyrot and Pavuna,
1992]. The highest Tc is obtained for x =0.9 [Cyrot and Pavuna, 1992], and so the exact
composition of YBCO is generally YBa2 Cu3 O6.9 .
As can be seen in Figure 5.1, the in-plane dimensions aL and bL are much shorter than the
c-axis dimension cL with aL and bL equal to 4 Å and cL = 12 Å [Cyrot and Pavuna, 1992].
Such a diﬀerence between the in-plane dimensions and the c-axis dimension leads to a strong
anisotropy that is reﬂected in all physical parameters of the YBCO superconductor [Cyrot
and Pavuna, 1992]:
c
• The penetration lengths are λab
L ∼ 1500 Å and λL ∼ 6000 Å

• The coherence lengths are ξ ab ∼ 15 Å and ξ c ∼ 4 Å
• The second critical ﬁeld is also dependent on the crystallographic orientation with
ab ∼ 150 T and B c ∼ 40 T
Bc2
c2
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This anisotropy also inﬂuences the behavior of vortices and their movement in the superconductor: In c-axis oriented YBCO thin ﬁlms, the Jc varis with the orientation of the applied
ﬁelds [Roas et al., 1990; Pan et al., 2006b]: at low ﬁeld, Jc is at a maximum when the ﬁeld
is oriented along the c-axis. At high ﬁelds however, the Jc variations as a function of the
ﬁeld orientation exhibit two maxima: one when the vortices are aligned with the Cu-O plane
(external ﬁeld parallel to the ab-plane), and a second one when the vortices are aligned with
the c-axis (external ﬁeld parallel to the c-axis) [Pan et al., 2006b]. In addition, as YBCO is
a layered HTS, when the ﬁeld is applied along the c-axis and thus the ﬂux lines are perpendicular to the Cu-O planes, the vortices have the tendency to dissociate into poorly coupled
pancake vortices [Blatter et al., 1994].
It is worth noting that the coherence lengths are comparable to the unit cell dimensions, which implies that any defects in the YBCO crystal structure can act as a pinning
center [Malozemoﬀ et al., 2005]. Indeed, as the vortex diameter corresponds to the coherence length, the defects are strong pinning centers when their dimensions are of the order of
the coherence length. The high density of pinning defects arising from this short coherence
length is thought to be the origin of the high Jc values observed in YBCO ﬁlms, as will be
explain further in Section 5.1.3.
The small coherence length is also a drawback for the intergranular current carrying
capabilities. In the early days of research on YBCO, it was found that the grain boundaries
in YBCO materials, unless at very low angles, generally act as Josephson junctions, strongly
decreasing the intergranular Jc [Dimos et al., 1990; Finnemore et al., 1999; Heinig et al., 1999;
Hammerl et al., 2000; Hilgenkamp and Mannhart, 2002]. Such high angle grain boundaries
that strongly impede the current ﬂow are referred to as weak-links. This decline is common
to any non-epitaxial YBCO ﬁlms, although some diﬀerences in the behavior of the grain
boundaries can exist between ﬁlms processed with diﬀerent deposition methods [Heinig et al.,
1999]. The decrease of Jc with the misorientation angle is not linear [Heinig et al., 1999],
but has been shown to be exponential [Hilgenkamp and Mannhart, 2002; Malozemoﬀ et al.,
2005] with a decrease in Jc by one order of magnitude for every 11◦ [Finnemore et al.,
1999]. Moreover, Heinig et al. [1999] have shown that the transition from strong to weak-
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links with the misorientation angle is progressive at 77 K and usually occurs for angles
between 7 and 10◦ in zero ﬁeld. This transition occurs for larger angles (between 10 and
15◦ ) at higher ﬁelds. On account of this problem, the main research eﬀorts have been
turned towards epitaxial YBCO ﬁlms, with a view to understanding their behavior as well
as developing and improving the deposition processes to manufacture ﬁlms with a high degree
of crystallographic alignment [Malozemoﬀ et al., 2005].

5.1.2

Processing of YBCO ﬁlms

Due to the high sensibility of Jc to the presence of grain boundaries, the deposition methods
to produce YBCO thin ﬁlms should enable the deposition of grain boundary free thin ﬁlms.
Practically, monocrystalline YBCO thin ﬁlms are diﬃcult to grow. Furthermore, the deposition techniques for monocrystalline thin ﬁlm deposition are slow, and the deposition chamber
must usually be under high vacuum. In addition, the production of monocrystalline, grain
boundary-free, YBCO thin ﬁlms requires monocrystalline substrates, which are not available
in long lengths.
However, low angle grain boundaries have little eﬀects on the Jc . Thus, the deposition
of polycrystalline textured YBCO ﬁlms is suﬃcient to obtain superconducting thin ﬁlms
with high current carrying capabilities. In textured ﬁlms, the crystallographic cells are not
only c-axis oriented (with the c-axis of each cell perpendicular to the substrate), but also
in-plane oriented with the in-plane crystallographic directions of each cell aligned with those
of its neighbors. Thus, textured ﬁlms, with their high three-dimensional alignment only
exhibit small angle grain boundaries. Therefore, they usually have better current carrying
capabilities than non textured YBCO thin ﬁlms.
Diﬀerent deposition techniques are available for YBCO thin ﬁlms. The most common
among them are the sputtering and the pulsed laser deposition techniques. In sputtering,
a plasma (typically of argon) is created, and the ions forming in this plasma bombard a
target, ejecting atoms or clusters of atoms that will then be deposited on the substrate. It
has a slow deposition rate, much slower than pulsed laser deposition but it usually produces
ﬁlms with high structural properties, and it also gives highly reproducible results [Gerbaldo
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et al., 2001]. To accelerate the deposition rate, a magnetic ﬁeld can be used to conﬁne the
plasma near the target surface: this technique is called magnetron sputtering [Gerbaldo
et al., 2001].
In PLD (Pulsed Laser Deposition), the deposited particles are vaporized with a highenergy laser from a stoichiometric target placed a few centimeters from the substrate. It is
very well suited for HTS deposition as well as the deposition of buﬀer layers. However, the
technique allows deposition only on relatively small areas (usually 1 cm2 ) [Gerbaldo et al.,
2001]. In addition, variations of partial oxygen pressure during the deposition aﬀect the
Jc : too low or too high PO2 for the same substrate temperature decreases Jc values. The
optimum PO2 seems to be around 0.7 mbar [Schalk et al., 1996].
Other techniques include the electron beam evaporation technique. This technique
is not suitable for the deposition of multilayers and necessitates an high pressure of oxygen.
The deposition surface is also fairly small [Gerbaldo et al., 2001].
Oxide single crystal substrates such as SrTiO3 or Al2 O3 have been widely used with
the techniques mentioned above to produce high quality epitaxial YBCO thin ﬁlms. Indeed,
both materials are chemically compatible with YBCO and thermally stable at the deposition
temperature [Gerbaldo et al., 2001]. Moreover, their crystallographic dimensions are close
to those of the YBCO crystal lattice. Therefore, the crystallographic structure of the YBCO
thin ﬁlm will not be mechanically stressed to accommodate the crystal structure of the
substrate, which would lead to the creation of numerous defects [Finnemore et al., 1999;
Gerbaldo et al., 2001]. In addition, the ﬁrst deposited YBCO particles will tend to copy the
crystallographic structure of the substrate. Therefore, if a monocrystalline substrate is used,
it is easier to obtain highly textured YBCO thin ﬁlms, as the superconductor ﬁlm will tend
to mimic the crystallographic orientation of the substrate.
On the other hand, to be able to scale up the production to an industrial scale, cheaper,
stronger and more ﬂexible substrates need to be used along with scalable deposition techniques. Generally, nickel and nickel alloy tapes are used to respond to this demand [Finnemore
et al., 1999; Gerbaldo et al., 2001]. YBCO ﬁlms deposited on textured metallic tapes are
usually referred to as thick ﬁlms, although the term “thick” is not necessarily related to
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the YBCO ﬁlm thickness but more to the deposition technique used to process the ﬁlm.
The metallic tapes have the main disadvantage of being polycrystalline. Reeves et al. [2001]
have shown with MO images that the easy ﬂux penetration areas in YBCO ﬁlms correspond
to high angle grain boundaries of the substrate. Therefore, metallic substrates need to be
textured before the YBCO ﬁlm can be deposited to avoid a high density of weak-links. The
texture control of the substrate is thus the ﬁrst and one of the most important steps in
the processing of YBCO thick ﬁlms or coated conductors, which is presented in more detail
below.
Once the metallic substrate is prepared, one or several buﬀer layers are deposited. The
buﬀer layers have several roles [Finnemore et al., 1999; Gerbaldo et al., 2001]:
• They insulate the YBCO ﬁlm from the substrate both electrically and chemically.
• They improve the YBCO microstructure by decreasing the lattice mismatch between
substrate and superconductor.
• They decrease the stress on the YBCO due to the thermal-expansion mismatch between
superconductor and metallic substrate.
In order to obtain biaxially oriented YBCO ﬁlms, the buﬀer layer needs to be biaxially
oriented too [Iijima et al., 1992]. YSZ (yttrium stabilized zirconia) and MgO are the most
commonly used materials for the buﬀer layer [Iijima et al., 1992; Finnemore et al., 1999;
Foltyn et al., 2003].
Two main methods are used today for the texturing of the substrate and the deposition of
the buﬀer layer and the YBCO ﬁlm: the ion beam assisted deposition process “IBAD”
or the rolling assisted biaxially textured substrate process “RABiTS” [Finnemore
et al., 1999; Gerbaldo et al., 2001]. Although very diﬀerent methods, these two techniques
give similar results [Finnemore et al., 1999]
In the IBAD technique, an argon ion gun sputters oﬀ all misoriented cells of the YSZ
buﬀer layer being deposited [Finnemore et al., 1999; Gerbaldo et al., 2001; Iijima et al., 2001;
Foltyn et al., 2003]. The deposition of the buﬀer layer is done via PLD or sputtering. A great
advantage of this technique is that deposition can be done on a large range of polycrystalline
substrates, as the texturing only takes place in the buﬀer layer during its deposition [Iijima
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et al., 2001]. However, the production rate is relatively slow as the YSZ buﬀer layer needs
to reach a thickness of 500 nm to be perfectly biaxially oriented [Wang et al., 1997]. This
optimum buﬀer layer thickness can be reduced to 10 nm by using Mg-O instead of YSZ but
the achievable degree of texture is much less than with YSZ buﬀer layers [Wang et al., 1997].
Recently, Foltyn et al. [2003] have synthesized YBCO ﬁlm via IBAD with a MgO buﬀer
layer and have obtained a microstructure and Jc values close to the ones achieved when the
YBCO ﬁlm is deposited on single crystal substrates.
The RABiTS technique focuses on a texturing of the substrate by rolling and sintering
the metallic tape to create a biaxially oriented substrate [Finnemore et al., 1999; Gerbaldo
et al., 2001]. A buﬀer layer is then deposited, followed by the YBCO ﬁlm, the texture of the
substrate being transmitted through the buﬀer layer to the superconducting ﬁlm [Gerbaldo
et al., 2001]. As in IBAD, the commonly used deposition methods in RABiTS are PLD and
sputtering. Generally the heterostructures processed via RABiTS consist of 2 to 3 layers of
oxide [Finnemore et al., 1999], such as CeO2 and YSZ, followed by a YBCO layer.
Iijima et al. [2001] have shown the possibility of continuous reel to reel YBCO thick
ﬁlm processing by using IBAD in combination with the PLD technique, but the methods
remains slow and expensive. Compared to the IBAD processing route, the main advantage
of RABiTS is that no special techniques are required in order to obtain a textured buﬀer
layer [Gerbaldo et al., 2001]. Hence it is more adaptable for the use of non-vacuum methods
to produced biaxially oriented buﬀer layers and YBCO ﬁlms, which would be more applicable
for industrial scale manufacture [Finnemore et al., 1999; Larbalestier et al., 2001b].
Several non-vacuum techniques have been developed. Amongst them are the metallorgarnic chemical vapor deposition technique or MOCVD, the sol-gel technique, and liquid
phase epitaxy or solution-based deposition such as TFA-MOD (triﬂuoroacetate metal organic deposition [Finnemore et al., 1999]. MOCVD is attractive due to the possibility of
large deposition areas [Gerbaldo et al., 2001]. TFA-MOD is a cheap and attractive method,
as it could be easily transferred to industrial scales. However, few high quality YBCO
ﬁlms have been produced by these techniques as yet. TFA-MOD YBCO coated conductor
usually exhibits many defects such as inhomogeneities of the YBCO ﬁlm thickness along
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the tape [Machi et al., 2005] and second phase precipitates [Finnemore et al., 1999], while
MOCVD ﬁlms tend to exhibit numerous weak-links and porous structure, as will be shown
in Section 5.2.2.
To improve their superconducting properties, YBCO ﬁlms can also be doped. The introduction of nanoparticles during a deposition by PLD has been proved to increase Jc [Haugan
et al., 2004; McManus-Driscoll et al., 2004; Varanasi et al., 2005; Kang et al., 2006]. The
nanoparticles can either be secondary phases of the YBCO system such as YBa2 CuO5 [Haugan et al., 2004] or foreign non superconducting particles as BaZrO3 [McManus-Driscoll
et al., 2004; Kang et al., 2006], and they can be incorporated into the YBCO ﬁlm by deposition of alternating ultra-thin layers [Haugan et al., 2004] or be already present in the target
that is directly used for the deposition [McManus-Driscoll et al., 2004]. The calcium doping
of YBCO has also been shown to increase the Jc , but it decreases the Tc of the ﬁlm, and
thus the Jc values obtained above 77 K are smaller than for undoped ﬁlms [Schmehl et al.,
1999]. Another doping strategy created by Hammerl et al. [2000] is to create a multilayer
structure composed of layers of YBCO and layers of Y1−x Cax Ba2 Cu3 O7−δ . Such a structure overdopes the grain boundaries with calcium in the YBCO layers, which increases the
intergrain Jc and leads to better Jc values at 77 K than for traditionally Ca-doped YBCO
ﬁlms as prepared by Schmehl et al. [1999].

5.1.3

YBCO thin ﬁlm properties

In this work, the focus is placed on undoped YBCO thin ﬁlms, which are mainly produced
by PLD. Such epitaxial ﬁlms have very high Jc values, two to three orders of magnitude
higher than the reported Jc values in single crystals [McElfresh et al., 1992]. These high
values are considered to be due to the high density of diﬀerent defects present in YBCO
thin ﬁlms which act as pinning centers [Jooss et al., 1999, 2000; Laviano et al., 2004b]. Such
strong pinning is very important for practical applications, as it reduces the Jc dependence
on the external magnetic ﬁeld and on the temperature. Hence, a thorough understanding of
the formation of pinning centers and of the pinning mechanisms is needed.
Many diﬀerent type of defects can be found in YBCO ﬁlms: stacking faults in the ab

5.1. Literature review

102

plane, lattice mismatch edge dislocations, twin boundaries, antiphase boundaries, and lowand high-angle grain boundaries [Hawley et al., 1991]. They are mostly formed during the
deposition and growth process and their density depends on the substrate structure and the
processing conditions, as well as on the ﬁlm thickness [Schalk et al., 1996; Finnemore et al.,
1999].
The growth of YBCO thin ﬁlms on a ﬂat substrate has been shown to be largely governed
by an island-mode growth rather than by a layer-by-layer mechanism [Norton et al., 1991;
Hawley et al., 1991; McElfresh et al., 1992; Ece et al., 1995; Jooss et al., 1996b; Polyanskii
et al., 2005]. This growth mechanism leads to the presence of spiral structures [Hawley
et al., 1991; McElfresh et al., 1992; Ece et al., 1995], where each YBCO grain contains a
spiral dislocation extending through the whole ﬁlm thickness [Hawley et al., 1991]. These
dislocations have a diameter close to the YBCO coherence length and thus can act as a
pinning center [Hawley et al., 1991]. The island growth mode also leads to typically rough
ﬁlm surface [Jooss et al., 1996b], especially when the ﬁlm thickness is increased, as will be
explained in detail later in this section. In addition, this growth mode leads to the formation
of a network of grain boundaries spread across the YBCO ﬁlms [Gerbaldo et al., 2001].
The pinning sites can be classiﬁed into four categories [Gerbaldo et al., 2001]:
• The volume pinning centers are defects with all dimensions larger than the vortex diameter.
• The planar pinning centers are defects with two dimensions larger than the vortex diameter.
• The linear pinning centers have only one dimension larger than the vortex diameter.
• The point pinning centers have all their dimensions smaller than the vortex diameter.
The four types of defects can all generally be observed in YBCO thin ﬁlms. Grain boundaries,
twin boundaries, antiphase boundaries, screw dislocations, edge dislocations, precipitates,
surface roughness, and oxygen vacancies are all considered to be good candidates for pinning
centers, but it is not yet fully understood whether or not one type of pinning center dominates
the overall pinning mechanism of the YBCO thin ﬁlms.
The oxygen defects, as point pinning centers, were ﬁrst thought to be the main cause
of the observed high Jc values, but no modiﬁcation of the Jc is observed in single crystal
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when the oxygen content is varied [McElfresh et al., 1992]. That rules them out as the main
pinning centers in plain YBCO thin ﬁlms. The contribution of point pinning defects can be
increased by depositing YBCO thin ﬁlms on a substrate with a modiﬁed surface. Ionescu
et al. [2004] deposited YBCO thin ﬁlms by PLD on diﬀerent single crystal substrates modiﬁed
with silver nanodots and obtained Jc values higher by up to one order of magnitude when
compared to plain YBCO thin ﬁlms. They explain this strong enhancement by an increase
in the point defect density caused by the presence of the Ag nanodots, which in turn would
increase the pinning strength. However, their results have not been reproduced on high
quality YBCO thin ﬁlms. It is thus possible that the presence of the Ag nanodots only
leads to a higher crystallographic quality of the YBCO ﬁlms, thus increasing their current
carrying capabilities. Indeed, such microstructure improvement by introducing nanodots has
been reported by Kang et al. [2006]. They managed to decrease the thickness dependence of
Jc due to the degradation of the microstructure (as will be explained in more detail in the
next subsection) by introducing nanodots of BaZrO3 in the YBCO ﬁlms.
The quick decrease in Jc when an external magnetic ﬁeld is applied indicates the significance of extended defects in the pinning strength of YBCO thin ﬁlms [Dam et al., 1999;
Pan et al., 2004b; Peurla et al., 2005; Pan et al., 2006b]. Indeed, the grain boundaries are
usually numerous in YBCO ﬁlms and evidence has been given for their central role in pinning mechanisms in YBCO ﬁlms for twin grain boundaries [Haage et al., 1997], low angle
grain boundaries [Finnemore et al., 1999; Pan et al., 2006b], and antiphase boundaries [Jooss
et al., 1999, 2000].
Linear defects have been shown by several studies to contribute to a larger extent to
the pinning mechanism than planar defects, point defects, or surface roughness [Huijbregtse
et al., 2002; Develos-Bagarinao et al., 2005a; Pan et al., 2004b]. Pan et al. [2006b] have
shown that the curve of Jc as a function of the applied ﬁeld angle exhibits a maximum when
Ba is aligned with the c-axis at low ﬁelds, but that this maximum decreases with increasing
ﬁeld and another maximum appears when Ba is parallel to the ab-plane. They explain this
by the strong pinning force created by the presence of out of plane dislocations parallel to the
c-axis. Moreover, it has been shown that, even at high ﬁelds, for which the density of vortices
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is higher than the density of linear defects, the pinning mechanism is largely determined by
the presence of these linear defects [Klaassen et al., 2001]. Indeed, at high ﬁelds, only a
small number of vortices are actually pinned, and the vortex-vortex interactions induce a
collective pinning of the entire vortex lattice [Klaassen et al., 2001; van der Beek et al., 2002;
Huijbregtse et al., 2002; Pan et al., 2004b].
For Huijbregtse et al. [2002] and Pan et al. [2004b], the strength of the pinning by linear
defects is such that any contribution to Jc from the ﬁlm surface roughness or other such
defects is negligible. However, due to the strong decrease in the pinning strength when the
ﬁlm thickness is increased, several studies suggest that the pinning role of the ﬁlm surface can
be stronger than the role of the bulk pinning [Indenbom et al., 2000; Khokhlov et al., 2004].
On the other hand, numerous works have shown the strong degradation of the microstructure
with increasing thickness in YBCO ﬁlms [Jia et al., 2002; Laviano et al., 2004b; Polyanskii
et al., 2005; Pan et al., 2005]. The reduction of the Jc values when the ﬁlm thickness
is increased is therefore attributed more to the microstructure deterioration than to the
pinning mechanism [Matsushita et al., 2005a], as will be explained later. The eﬀect of the
surface roughness, however, should not be neglected: by using the results of some magnetooptical observations, Jooss et al. [1996a] created a model demonstrating the attraction of the
vortices toward the thinner areas of the ﬁlms, and estimated that 10 to 30 % of the Jc value
was due to the surface roughness [Jooss et al., 1996a,b]. Indeed, the surface roughness forces
vortices to bend and to extend when passing through areas of diﬀerent thickness, creating a
strong energy barrier that can be stronger than the bulk pinning strength [Khokhlov et al.,
2004; Kuzovlev, 2005]
Due to the already high density of diﬀerent defects in YBCO thin ﬁlms, it is very diﬃcult
to increase further the current capabilities of undoped YBCO conductors by increasing the
density of pinning centers and thus the pinning force. The current carrying capabilities of
YBCO ﬁlms can be increased by improving the grain connectivity with a reduction of the
high angle grain boundary density as seen in the previous section, or simply by increasing the
thickness of the superconducting ﬁlms [Li et al., 2004]. Indeed, so far for typical YBCO thin
ﬁlms (between 1 and 5 µm), the superconductor represents only 5 to 10 % of the full con-
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ductor, against 25 to 50 % in Ag/Bi-2223 composite conductors [Larbalestier et al., 2001b].
Increasing the thickness of YBCO ﬁlms should in theory help them reach the commercial
target for Ic of a few 1000 A/cm [Polyanskii et al., 2005].
However, numerous trial to increase the overall Ic have given deceptive results, as the
Jc decreases with increasing thickness above d = 200 nm independently of the deposition
technique chosen [Foltyn et al., 1999; Larbalestier et al., 2001b; van der Beek et al., 2002;
Jia et al., 2002; Khokhlov et al., 2004; Matsushita et al., 2005a; Polyanskii et al., 2005]. In
fact, the evolution of Jc with increasing thickness is non-monotonous with a ﬁrst increase
up to an optimal thickness dopt ranging from 50 to 300 nm, depending on the deposition
technique [Sheriﬀ et al., 1997; van der Beek et al., 2002; Pan et al., 2005]. Above dopt , the Jc
decreases as Jc ∝ 1/d [Foltyn et al., 1999; van der Beek et al., 2002; Khokhlov et al., 2004].
Moreover, when the same deposition conditions are maintained, not only does Jc decrease,
but Ic saturates and even decreases if the thickness is increased beyond 2 to 4 µm [Foltyn
et al., 1999; Jia et al., 2002].
Such a strong decrease is primarily supposed to be caused by a strong deterioration
of the ﬁlm microstructure as the deposited thickness is increased [Sheriﬀ et al., 1997; Jia
et al., 2002; Laviano et al., 2004b], leading to the formation of voids, misoriented grains and
a generally rougher surface [Polyanskii et al., 2005; Pan et al., 2005]. Foltyn et al. [1999]
have shown that no supercurrents are carried for the YBCO ﬁlm top layers (above 2 µm),
which show the most degraded microstructure. Additionally, they show that for ﬁlms with
d > 3 − 4µm, Ic is also decreased in the lower layers near the substrate. Indeed, for the
deposition of thicker ﬁlms, the substrate has to be at high temperature (i.e., the deposition
temperature is usually above 700 ◦ C) for a longer time, allowing more impurity diﬀusion
from the substrate to the ﬁlm.
However, it is to be noted that this Jc dependence on d varies when the magnetic ﬁeld is
increased: at high ﬁelds, the optimal thickness to obtain the highest Jc tends to increase [Li
et al., 2004; Matsushita et al., 2005b]. This is explained by the fact that, at low ﬁelds, most
of the current density is due to the surface currents, thanks to the strong demagnetization
factor in YBCO thin ﬁlms. This surface current ﬂow represents a much higher fraction of
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the total current (bulk plus surface current) in thinner ﬁlms, leading to higher Jc values at
low ﬁelds in thinner ﬁlms. On the contrary, at high ﬁelds, the bulk currents dominate, and
thus the Jc will be higher in thicker ﬁlms [Li et al., 2004]. The same shift toward higher
optimal thickness is observed with increasing temperatures [Sheriﬀ et al., 1997; Li et al.,
2004; Matsushita et al., 2005b].
In order to bypass this deterioration of superconducting properties with increasing thickness while still increasing the superconductor cross section, multilayer ﬁlms have been synthesized. The multilayering technique oﬀers the possibility of keeping high Jc values while
increasing the YBCO ﬁlm thickness, thus increasing the overall current carrying capabilities
of the conductor. Diﬀerent multilayer combinations have been tried, either with CeO2 [Jia
et al., 2002; Foltyn et al., 2005] or with ReBCO (Re being a rare earth compound) [Cai et al.,
2004; Pan et al., 2006a, 2005]. These compounds have been chosen for the deposition of the
interlayer as they oﬀer a good lattice match with YBCO, good chemical compatibility, and
are thermally stable at the YBCO deposition temperature [Jia et al., 2002]. All groups that
have deposited multilayers report high Jc values, even for thicknesses greater than 1 µm [Jia
et al., 2002; Cai et al., 2004], and in some cases the Jc values obtained in multilayer ﬁlms are
as high as for thin YBCO monolayer ﬁlms with optimal thickness [Pan et al., 2006a, 2005].
In correlation with the improvement of the current capabilities in multilayers compared to
monolayers, the quality of the microstructure is strongly increased with a smoother surface
and a denser structure [Jia et al., 2002; Pan et al., 2006a, 2005].

5.2
5.2.1

Magneto-optical imaging applied to YBCO thin ﬁlms
Optimization of YBCO processing via MOI

During the course of this work, several YBCO thin ﬁlms processed by PLD have been observed with the MOI technique in order to give feedback for the optimization of the deposition
conditions. Indeed, several factors can inﬂuence the ﬁnal quality of YBCO thin ﬁlms, such
as the substrate temperature, the deposition rate, the atmosphere during the deposition, the
oxygen partial pressure, the target quality, the angle of deposition and the substrate prop-
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erties. All these parameters inﬂuence each other, and the optimization of the deposition
goes through a ﬁne tuning of each of them in relation to the others. Such adjustment of the
processing parameters is essentially empirical and demands constant feedback from an array
of characterization techniques. Amongst these techniques, MOI enables the observation of
the magnetic ﬂux penetration behavior in order to detect the presence of any weak-links and
inhomogeneities in superconducting properties.
The ﬁrst YBCO ﬁlms to be studied in this work were observed during a visit to the
Superconductivity Laboratory of the University of Oslo. These two thin ﬁlms, A1 and
A2, were deposited on YSZ monocrystalline substrates. Sample A1 was deposited with a
substrate temperature of 780 ◦ C and has a Tc of 88 K, while for sample A2, the substrate
temperature was 720 ◦ C and its Tc is only 55 K. Figure 5.2 shows typical MO images obtained
from these two ﬁlms.
Although in both ﬁlms the magnetic ﬂux penetration is clearly dominated by defects,
sample A1 appears to have better shielding properties than sample A2. The easy penetration

Figure 5.2: MO images of the ﬁrst studied YBCO ﬁlms: images (a) to (c) correspond to
sample A1 while images (d) to (f) correspond to sample A2. Images (a), (b),
(d) and (e) were taken at 4 K, image (c) was taken at 30 K and (f) at 20 K.
Pictures (a), (c), (d) and (f) were taken with an applied ﬁeld of 17 mT, whereas
(b) and (e) were taken with Ba =34 mT. The scale bar corresponds to 1 mm.
Note that the 3 large brighter spots visible in images (a) to (c) on the top, left
and right edges of the sample are simply due to an absence of superconducting
ﬁlm. This lack of superconductive material at these places has most probably
been caused by a mishandling of the sample A1 after the deposition process.
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lines crossing the whole sample area in Figures 5.2 (a), (b) and (c) are strongly believed to
be scratches, either made during mishandling of the sample on its surface or on the substrate
surface before deposition. In addition to the same scratch-like features, in Figure 5.2 (d),
(e) and (f), the bottom left corner of the ﬁlm has visibly better superconducting properties
compared to the rest of the ﬁlm. At higher temperature, the rest of the ﬁlm even seems to
lose any superconducting behavior, proving the inhomogeneity of this sample, which explains
the very wide normal to superconducting state transition from magnetization measurements.
The presence of numerous easy-penetration paths and the non-homogeneity of these two
YBCO ﬁlms, particularly in sample A2, lead to poor global superconducting properties. In
defect free samples, the current ﬂow lines are parallel to each other and follow the edges of
the sample, forming the single large current loops that are visible in the contour plot of Figure 2.22. On the contrary, in ﬁlms A1 and A2, the defects strongly distort the current ﬂow,
and the ﬂow lines form numerous smaller irregular loops. Figure 5.3 (a) and (b) show the
current density as well as the current ﬂow lines in samples A1 and A2, respectively. These
images have been calculated with the help of the current density quantiﬁcation program presented in Section 2.3.2. The color scale is in arbitrary units (a.u.) as no calibration pictures
were available for these two ﬁlms (since this quantiﬁcation program was only ﬁnalized at
the end of this PhD, whereas the MO images of A1 and A2 presented in Figure 5.2 were
taken at the beginning). The current ﬂow line distortion due to the presence of extended
defects is visible in Figure 5.3 for both ﬁlms. Such distortion strongly reduces the eﬀective
cross section available for the current ﬂow and thus limits considerably the current carrying
capability of both samples.
To improve the quality of the YBCO ﬁlms produced in ISEM, the deposition parameters
have been extensively changed. Using these optimized parameters, YBCO high quality thin
ﬁlms have been produced by PLD with diﬀerent deposition rates. Two series of these ﬁlms,
deposited with a laser frequency of 2 Hz (slow deposition) and 6 Hz (fast deposition), have
been studied. In this section, we compare two typical ﬁlms processed via each route and
with comparable thickness. Sample PS345 has been deposited using slow deposition and is
345 nm thick, while sample PF335 has been fast deposited and is 335 nm thick.
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Figure 5.3: Current density map and current ﬂow lines of samples A1 (a) and A2 (b).
These maps were calculated from MO images taken at 4 K and in an applied
ﬁeld of 17 mT for (a) and 34 mT for (b).
Figures 5.4 (a) to (c) correspond to MO images of sample PS345 and Figures 5.4 (d)
to (f) correspond to MO images of sample PF335. In Figure 5.5 are shown SEM pictures
of both samples. Although numerous holes are scattered on the surface of both ﬁlms, as is
visible in the SEM pictures, the MO pictures do not show that these holes aﬀect the ﬂux
penetration behavior. Moreover, the MO pictures do not show strong inhomogeneities as for
samples A1 and A2.
The magnetization measurements done on these samples show that both ﬁlms have the
same Tc of 88.2 K. The Jc values evaluated from these measurements are 2.36·1010 A/m2

Figure 5.4: MO images of high quality YBCO thin ﬁlm samples: pictures (a), (b) and (c)
correspond to sample PF335, and pictures (d), (e) and (f) to PS345. All the
images were taken at 77.7 K, and the applied ﬁeld is 5.5 mT for pictures (a)
and (d), 11 mT for (b) and (e), and 22 mT for (c) and (f). The scale bar is
1 mm.
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Figure 5.5: SEM pictures of (a) sample PF335 and (b) PS345. The scale bar corresponds
to 1 µm.
and 1.59·1010 A/m2 at 77 K in an applied ﬁeld of 5.5 mT for samples PF335 and PS345,
respectively [Pysarenko et al., In press]. On the other hand, the MO images, with the help
of equation 2.13, give higher values of 4.05·1010 A/m2 for PF335 and 3.47·1010 A/m2 for
PS345 under the same conditions (Ba =5.5 mT and T =77 K). Several factors cause such a
diﬀerence in Jc evaluation, the main one being the use of diﬀerent models to calculate the Jc .
Indeed, with the MPMS, the Jc values are calculated from the width of the magnetic curves
via equation 3.2 based on the Bean model. However, it has been shown that this model leads
to an underestimation of the critical current density at low ﬁelds [Shantsev et al., 2000], as
it assumes that the current ﬂows throughout the whole sample, which is not the case at
low ﬁelds such as 5.5 mT. On the contrary, equation 2.13 does not rely on any models and
only considers the penetrated areas of the sample, where the non-Meissner current ﬂows. A
second factor explaining this diﬀerence is the slower speed of measurement of the MPMS
technique compared with the MOI technique, which can reduce the signal due to ﬂux creep.
Although diﬀerent, the results from these two techniques both show higher Jc values for
the sample processed with the fast deposition route. As seen in Section 4.1.2, patterned
hole arrays in superconducting samples inﬂuence the ﬂux penetration, as the holes act as
collectors of ﬂux lines when the hole diameter is greater than the coherence length [Koleśnik
et al., 2000; Vlasko-Vlasov et al., 2000; Raedts et al., 2004; Menghini et al., 2005]. Moreover,
as their density increases, the ﬂux lines can “jump” more easily from one hole to another, thus
falicitating the ﬂux penetration. In the case of samples PS345 and PF335, the hole density
is visibly higher and the hole diameter bigger in PS345 than in PF335. This microstructural
diﬀerence explains the lower Jc values calculated for the slow deposited sample compared to
the sample produced with a fast deposition rate.
Several other ﬁlms with diﬀerent thicknesses have been deposited with both the fast
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and slow deposition processes, and it was conﬁrmed that the fast deposition route tends to
give better YBCO ﬁlms in terms of Jc and surface microstructure than the slow deposition
route [Pysarenko et al., In press]. Thus this fast deposition route has been chosen for the
development of multilayer ﬁlms, as we shall see further in Section 5.2.3.

5.2.2

Comparison of YBCO ﬁlms produced by diﬀerent techniques

To demonstrate the strong inﬂuence of the microstructure on the magnetic behavior in
YBCO ﬁlms, several thin ﬁlms produced by diﬀerent deposition techniques were observed
with SEM and MOI. Sample MOD200 was produced by MOD in the Korea Institute of
Machinery and Materials [Smith, To be published] and is 200 nm thick. The sample labeled
MS400 was produced via the magnetron sputtering method in the Institute for Metal Physics
in Ukraine [Pan and Dou, 2006], and is 400 nm thick.
Figure 5.6 shows SEM pictures of the studied samples. The microstructure of sample
PF335 is shown in (a) for comparison; pictures (b) and (c) correspond to samples MS400
and MOD200, respectively. Although the presence of holes is noticeable, the surface of the
PLD sample appears much smoother than for samples MS400 and MOD200. The surface
topography of MS400 is dominated by block-like outgrowths, whereas MOD200 appears to
be substantially porous.
Moreover, Figure 5.7 presents two parts of the XRD spectrum for sample MS400 (in
red) compared to the XRD spectrum of an YBCO thin ﬁlms deposited by PLD under the
same conditions as PF335. Both XRD spectra show two strong peaks for 2θ ≈ 22.8◦ and

Figure 5.6: Comparison of the microstructure for YBCO thin ﬁlm deposited with diﬀerent
techniques. The scale bar in each picture is 1 µm.
(a) Sample PF335
(b) Sample MS400
(c) Sample MOD200.
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2θ ≈ 46.7◦ , corresponding to crystallographic c-oriented cells (the crystallographic axis c
being perpendicular to the substrate). However, the XRD spectrum for sample MS400 also
exhibits two peaks corresponding to the ab-orientation (where the c-axis is parallel to the
substrate). It is supposed that the block-like outgrowths visible in Figure 5.6 (b) are indeed
misaligned cells with an ab-orientation, which act as easy penetration paths for the magnetic
ﬂux. These strong microstructural diﬀerences aﬀect the magnetic ﬂux penetration behavior
at the edges of the MS400 ﬁlm compared to sample PF335 as can be seen in Figure 5.8.
In the case of ﬁlm MOD200, in addition to the numerous holes, the SEM observations
(Figure 5.6 (c)) do not show any crystallographic alignment in the microstructure. As shown
in the literature review, crystallographic misalignment in YBCO strongly disturbs the current
ﬂow and creates weak-links and easy penetration paths.Therefore, the easy penetration paths
visible in Figure 5.8 (c) and (f) are believed to be due to the strong misalignment in the
MOD200 microstructure.
The fractal type of penetration observed in samples MS400 and MOD200 is seriously
damaging to the possibility for applications through two diﬀerent mechanisms:
• The thinnest areas of the ﬁlm have a weaker thermal stability. Thus, if a vortex depins

Figure 5.7: XRD spectra of sample MS400 (red) and an YBCO ﬁlm produced by PLD
under the same conditions as sample PF335 (black).
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Figure 5.8: MO images of YBCO ﬁlms with diﬀerent microstructures: Figure (a) corresponds to MO images of sample PF335, (b) of sample MS400 and (c) of sample
MOD200. Figures (d) to (f) are MO images at higher magniﬁcation for the
same samples, respectively. All images were taken at 77.7 K except image (e)
taken at 5 K. Pictures (a) to (c) were taken with Ba = 11 mT, Ba = 21.9 mT
for (d), 32.9 mT for (e), and 5.5 mT for (f). The scale bar for images (a) to
(c) corresponds to 1 mm, while the scale bar for images (d) to (f) corresponds
to 0.1 mm.
in this area, the local heating due to vortex motion will depin more vortices, which will
penetrate further into the sample, decreasing the critical current density [Surdeanu et al.,
1998].
• If the density of defects is too high, the ﬂux front around these defects can merge and
block the current ﬂow [Koblischka, 1996].
Figure 5.9 shows the current density map as well as the current ﬂow lines for the three

Figure 5.9: Current density maps at high magniﬁcation for the three samples PF335 (a),
MS400 (b) and MOD200 (c). These maps were calculated from MO Images
taken at 77 K for (a) and (c) and 5 K for (b), the three MO images used for
this quantiﬁcation have been taken in Ba =11 mT. The left edge of each map
corresponds to the edge of the sample.
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samples PF335 (a), MS400 (b), and MOD200 (c). As in Figure 5.3, the current density is
presented here in arbitrary units due to the lack of calibration pictures at this magniﬁcation.
The current density maps as well as the ﬂow line are strongly diﬀerent between sample PF335
(Figure 5.9 (a)), and samples MS400 and MOD200 (Figure 5.9 (b) and (c), respectively). The
irregular microstructure of the two samples MS400 and MOD200 is visibly disturbing the
current ﬂow, especially in sample MOD200, where the ﬂow lines form small loops instead of
being parallel to the edge of the ﬁlm. By comparing Figure 5.9 (b) and (c), it seems that the
poor crystallographic arrangement of sample MOD200 is more detrimental for the current
ﬂow than the surface roughness and ab-growth of sample MS400. The strong impact of the
MOD200 microstructure on the current ﬂow behavior is most probably due to a combination
of the eﬀects of the irregular YBCO layer and the numerous grain boundaries.
More work needs to be done to fully understand the eﬀect of diﬀerent microstructural
defects on the ﬂux penetration behavior and to optimize the deposition parameters in order
to limit the density of the most disturbing ones. In this case, the PLD ﬁlm appears to be
the most suitable for applications in terms of current carrying capabilities.

5.2.3

Improvement of current carrying capabilities with multilayer ﬁlms

As seen in Section 5.1.3, the Jc values of YBCO thin ﬁlms decrease with increasing thickness,
which impedes the development of future YBCO based applications. As this degradation is
mainly attributed to a decrease in the microstructural quality of the ﬁlms, new methods are
being tested to deposit thicker ﬁlms without disturbing the crystallographic ordering in the
ﬁlm.
The multilayer YBCO/NdBCO ﬁlms produced by PLD in ISEM have given good results
in this direction. Indeed, the magnetization measurements show a greatly enhanced Jc at low
temperature, and the SEM images show a smoother surface topography [Pan et al., 2006a,
2005]. In this work, the MOI technique was used to compare the magnetic ﬂux penetration of
a multilayer ﬁlm with monolayer ﬁlms of diﬀerent thicknesses, all processed by PLD under
similar conditions. The multilayer ﬁlm will be referred to as PM900: it is composed of
three layers of YBCO, 280 nm thick, and two interlayers of NdBCO, 30 nm thick, the total
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thickness being 900 nm. The two monolayer ﬁlms used for comparison were PS345 and a
thicker ﬁlm with d = 1820 µm, referred to as PS1820. The diﬀerent MO observations are
presented in Figure 5.10.
In Figure 5.11, the current density maps calculated from the MO images at 21.9 mT
and 77 K are shown. From these images, the Jc of each ﬁlm can roughly be evaluated,
and the results are summarized in Table 5.1 along with the Jc values obtained from the
magnetization measurements under the same conditions (77 K and 21.9 mT), as well as

Figure 5.10: MO images of sample PS345 (ﬁrst row), PS1820 (second row) and PM900
(third row). All the images were taken at 77 K and with an applied ﬁeld of
5.5 mT for the ﬁrst column, 11mT for the second, 21.9 mT for the third, and
32.9 mT for the last column. The scale bar corresponds to 1 mm.

Figure 5.11: Current density and current ﬂow line maps of samples PS345 (a), PS1820
(b), and PM900 (c). All these maps were calculated from MO images taken
at 77 K and 21.9 mT.
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at 10 K and 21.9 mT. For comparison, the magnetic measurement results are presented in
Figure 5.12.
The diﬀerences in the Jc values calculated from the magnetic measurements and the MO
images give rise to three main issues:
(i) The Jc values given by the MO images appear to be higher than the Jc values calculated from the magnetization loops under the same conditions of applied ﬁeld and temperature. Note that the same method of calculation has been repeated on the three samples for
diﬀerent applied ﬁelds for both the magnetic measurements and the MO measurements. For
each of these calculations, the Jc values obtained with the MOI measurements were higher
Table 5.1: Jc values for the three samples PS345, PS1820, and PM900 evaluated from the
magnetization measurement and from MOI, all for Ba = 21.9 mT.
Sample

Jc from magnetization measurements

Jc from MOI

Temperature

10 K

77 K

77 K

PS345

28.6·1010 A/m2

1.09·1010 A/m2

2.4·1010 A/m2

PS1820

24.3·1010 A/m2

1.23·1010 A/m2

1.3·1010 A/m2

PM900

147.2·1010 A/m2

1.20·1010 A/m2

1.6·1010 A/m2

Figure 5.12: Jc dependence on the applied ﬁeld obtained by magnetic measurements for
the three YBCO thin ﬁlms PS345 (red), PS1820 (green), and PM900 (blue)
at 10, 40, and 77 K.
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than those obtained from the magnetic measurements. Therefore, this discrepancy seems to
be connected to the measurement technique and not to the sample or ﬁeld and temperature
conditions. As explained in Section 5.2.1, the increase of Jc values when measured via MOI
compared to those calculated from magnetization curves is due to the model used for the Jc
calculation from the magnetization loops [Shantsev et al., 2000].
(ii) The Jc value estimated from the current maps for the multilayer ﬁlm (sample PM900)
at 77 K appears to be smaller than the Jc in PS345 at the same temperature. These
ﬁndings are in apparent contradiction with the results obtained from the magnetization
measurements, which show higher Jc in sample PM900 compared to sample PS345.
To understand these puzzling results, it should ﬁrst be noted that the magnetization measurements show a strongly decreased diﬀerence in the Jc between mono- and multilayer
samples when the temperature is increased, as is shown in Table 5.1 and Figure 5.12. However, a slightly higher Jc for sample PM900 compared to sample PS345 is still visible at
77 K when measured with MPMS (see Figure 5.12). Such a diﬀerence between the results
obtained from the magnetization measurements and the MO observations is explained by
the presence of outgrowths on the surface of the sample, as shown in the SEM image of
PM900 (Figure 5.13 (c)). The top of the outgrowths culminates at 0.6 µm above the ﬁlm
surface and this increases the distance hm between the sample and the indicator ﬁlm, as the
MOL sits on the top of these outgrowths. In turn, this extra space would not only decrease
the resolution of the MO images, but also results in an underestimation of the Jc compared
to the Jc calculation for the two other samples PS345 and PS1820, as the ﬂux penetration
front will appear closer to the sample center due to the magnetic ﬁeld line curvature above
the sample.

Figure 5.13: SEM pictures of YBCO ﬁlms: picture (a) corresponds to sample PS345, (b)
to sample PS1820, and (c) to sample PM900. The scale bar corresponds to
1 µm.
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Although the distance hm is taken into account in the current density program with the
factor e−hm k (see the system of equations 2.19 used in the quantiﬁcation program), it is very
diﬃcult to estimate it accurately. Thus, for all the calculations related to the current density
map, it has been taken as equal to 10 µm. In the case of PM900, the increase of hm due
to the presence of outgrowths is a complex problem as this increase might vary accross the
observation area (since the outgrowths do not all exactly have the same height). Therefore,
it has not been corrected and the value hm =10 µm was kept for the calculation of the
current density maps for PM900.
(iii) The Jc estimated at 77 K for PS1820 with the help of the current density maps
from the MO images is the lowest out of the three studied samples, whereas the magnetic
measurements give a Jc value for PS1820 very close to the Jc value of the multilayer ﬁlm
PM900 and above the one obtained for sample PS345 at the same temperature. Foltyn
et al. [1999] and Develos-Bagarinao et al. [2005b] have shown that the poor Jc values of
thicker YBCO ﬁlms (up to 6 µm) were due to a strong degradation of the superconducting
properties in the ﬁlm top layer. In the case of sample PS1820, the top layer of the ﬁlm
exhibits numerous holes and appears to be very rough (Figure 5.13 (b)), which, as shown
in Section 5.2.2, tends to decrease the Jc . Thus, it is to be expected that the magnetic
ﬂux will more easily penetrate the top layer of the PS1820 sample due to weaker shielding
currents compared to the layers close to the substrate. The MOI technique only enables
the visualization of the ﬂux penetration in the ﬁlm top layer. Therefore, the magnetic
ﬂux penetration in sample PS1820 would appear to penetrate more in a ﬁlm with a poorly
superconducting top layer than it would for a ﬁlm with good shielding properties in its top
layer for the same applied ﬁeld. As the top layer of sample PS1820 is poorly superconducting,
the magnetic ﬂux density in the whole ﬁlm will be overestimated with the MOI technique
and thus, the calculated Jc will be underestimated.
We can thus conclude from these experimental results that the higher Jc exhibited by
the multilayer ﬁlm decreases rapidly with the temperature. At 77 K, sample PM900 has
superconducting properties close to those of the monolayer ﬁlm PS345. Thicker ﬁlms such
as PS1820 have been shown to have poor current carrying capabilities due to a strong
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degradation of their microstructure in the top layers, as has already been observed by Foltyn
et al. [1999]. Therefore, to reach high current carrying capabilities in YBCO ﬁlms, multilayer
ﬁlms should be preferred.

5.2.4

Conclusion

In summary, the magneto-optical visualization of diﬀerent YBCO ﬁlms in the course of this
work has helped to optimize the deposition parameters and to understand to what extent
the magnetic ﬂux penetration behavior is aﬀected by the thin ﬁlm microstructure.
To obtain YBCO thin ﬁlms with higher critical current, it is recommended to use a
processing technique enabling the deposition of smooth and highly textured ﬁlms. From the
results obtained in this work, deposition by PLD appears to be the best deposition technique
in terms of microstructure and superconducting properties. In addition, the improvement
of the critical current by an increase of the YBCO ﬁlm thickness was found to be possible,
mainly by creating multilayer ﬁlms.

Chapter 6

Bi-2223 tapes
Bi2 Sr2 Ca2 Cu3 O10 , commonly called Bi-2223, is another HTS mainly developed for power
applications. Its high Tc of 110 K enables its use at liquid nitrogen temperature (up to
77.7 K) and makes it one of the most attractive HTS, with YBCO, in terms of potential
applications. However, its high Tc is counterbalanced by a strong sensitivity of the current
carrying capabilities to the presence of high angle grain boundaries and the diﬃculty in
processing pure Bi-2223 phase. In this chapter, a review of the literature on this material is
presented in Section 6.1. It is followed by the results of a study on the optimization of the
Bi-2223 tape production process done with the help of MOI.

6.1
6.1.1

Literature review on Bi-2223
The Bi-Sr-Ca-Cu-O system

Several superconducting and non superconducting phases can form from the combination of
the ﬁve elements bismuth (Bi), strontium (Sr), calcium (Ca), copper (Cu), and oxygen (O).
Among them, Bi2 Sr2 Ca2 Cu3 O10 is the superconducting phase with the highest Tc and is
commonly referred to as Bi-2223, with the 2223 corresponding to the stoichiometry of each
element. Similarly called phases such as Bi-2212, Bi-2201, Bi-3221 and Bi-4435 can also
be present, along with SrCaCu4 O6 , SrCaCu2 O4 , (Ca,Sr)2 CuO3 , (CaSr)CuO2 , SrO, CuO,
(Ca0.2 Sr0.8 )14 Cu24 O41 , Sr3−x Cax Cu5 Oy and various amorphous phases [Tarascon et al., 1988;
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Dou et al., 1991; Bian et al., 1995; Milliken, 2004]. As the Bi-2223 phase is the one with
the largest Tc , considerable eﬀorts have been put into developing and improving inexpensive
and eﬀective methods for the production of large scale Bi-2223 based wires worldwide.
The formation of secondary phases during the Bi-2223 processing is a great disadvantage
for the development of Bi-2223 based conductors with high current carrying capabilities.
The formation of secondary superconducting phases can decrease the capabilities of the
conductor at high temperatures due to their lower Tc . The problem is even greater when
non-superconducting amorphous phases are formed. Indeed, these phases tend to form at the
grain boundaries of Bi-2223 grains, blocking the current path and thus strongly decreasing
the current carrying eﬃciency of the conductor. However, Sunshine et al. [1988] have shown
that an addition of lead (Pb) improves the formation of the superconducting phase of Bi2223. Additionally, studies by Liu et al. [2001] have revealed that the presence of Pb in the
precursor powder mix helps to stabilize the Bi-2223 phase.
Bi-2223 forms from the superconducting phase Bi-2212. Several mechanisms have been
proposed for the transformation of Bi-2212 into Bi-2223. The intercalation of Ca-Cu-O
bilayers in existing Bi-2212 grains is a possible formation mechanism [Bian et al., 1995; Cai
et al., 1995; Wang et al., 1996], which tends to be conﬁrmed by the frequent presence of
intergrowths of Bi-2212 within the Bi-2223 phase. However, the formation of Bi-2223 grains
by nucleation and growth from the liquid phase seems to dominate when a large amount of
liquid phase is present [Poulsen et al., 1999; Andersen et al., 2001].
A clean, impurity free, single phase Bi-2223 superconductor is extremely diﬃcult to
synthesize in practice and numerous secondary phases are generally expected [Dou et al.,
1989; Liu et al., 2001], although careful optimization of the precursor stoichiometry and
the production process can work toward a reduction of these impurities [Liu et al., 2001].
The Bi-2223 phase is also very sensitive to moisture and carbon and therefore needs to be
protected from air [Flavell et al., 1990; Minot et al., 1995].
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Properties of Bi-2223

Bi-2223 is a ceramic from the copper-based perovskite family and is formed by a intercalation of copper oxide planes with two bismuth oxide planes. It possesses an orthorhombic
structure with a strong anisotropy due to the large diﬀerence between the short aL and bL
lattice parameters, both equal to 5.4 Å (parallel to the copper oxide layers), and the lattice
parameter cL = 37.0 Å (perpendicular to the copper oxide layer). Due to this anisotropy,
Bi-2223 can be cleaved easily along the bismuth oxide planes, which makes the material relatively easy to deform mechanically [Liu et al., 2001]. Figure 6.1 shows the crystal structure
of the three most commonly observed superconducting phases of the BiSCCO system. As
can be seen, an additional copper oxide layer and a Ca layer are needed to go from Bi-2201
to Bi-2212 and from Bi-2212 to Bi-2223.
As has been stated above, Bi-2223 superconductor has a high Tc of 110 K and a large
c
penetration depth: λab
L ≈200 nm and λL ≈1000 nm. Its coherence length ξ, on the contrary,

is relatively short, with ξ ab ≈1.3 nm and ξ c ≈0.29 nm, which yields a high second critical ﬁeld
ab ≈250 T and B c ≈30 T [Cyrot and Pavuna, 1992]. The Cooper pairs, responsible
with Bc2
c2

for the superconductivity, are correlated over the range of the coherence length. Therefore,
they can not cross non-superconducting areas larger than their size ξ. Thus, due to the

Figure 6.1: Crystal structure of three BiSCCO superconductors: Bi-2201, Bi-2212, and
Bi-2223.
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short ξ in Bi-2223, even small defects can greatly impede the current ﬂow [Kresin and Wolf,
1990]. On the other hand, vortices can be pinned by defects larger than ξ. For this reason,
defects as small as 1.3 nm can act as pinning centers in Bi-2223, and the pinning center
density can be very high in this material. In spite of that, the pinning strength in Bi-2223
tends to be relatively low. This is due to the decoupling of the relatively rigid ﬂux lines into
quasi two-dimensional pancake vortices when the magnetic ﬁeld is applied perpendicularly
to the Cu-O layers. Indeed, pancake vortices have a much smaller activation energy than
the rigid ﬂux lines observed in non-layered material and are thus more diﬃcult to pin than
rigid vortices in non-layered materials [Milliken, 2004].
Due to its layered crystallographic structure, Bi-2223 has the tendency to form ﬂat
platelet-like grains. The grain boundaries between Bi-2223 grains, as in YBCO material,
can strongly decrease the superconducting characteristics of the Bi-2223 samples (Ic and
Tc ): the current carrying capabilities are strongly depleted across grain boundaries with a
misorientation angle over 8◦ [Wang et al., 1994]. Obtaining a good alignment of the Bi-2223
grains during the process is therefore a necessary condition to obtain high Jc tapes.

6.1.3

Processing route for the fabrication of Bi-2223 Ag-sheathed tapes

The precursor powder can be made by any method allowing good chemical homogeneity, a
high reactivity of the components, and a small particle size together with a narrow range of
size distribution. The chosen method should also reduce the carbon and moisture contamination to a minimum. The most common methods include solid state reaction, co-precipitation,
co-decomposition, sol-gel, and spray pyrolysis, amongst others [Liu et al., 2001].
Bi-2223 phase can be achieved using a wide range of starting stoichiometry due to the
complexity of the system and the formation of numerous secondary phases. Typical precursor
powder stoichiometry ranges are given by Pb0.34 Bi1.84 Srx Cay Cuz Ow , with 1.87 ≤ x ≤ 2.05,
1.95 ≤ y ≤ 2.1 and 3.05 ≤ z ≤ 3.2 [Liu et al., 2001]. Such stoichiometry is largely determined empirically and depends on the processing routes. However, an excess of bismuth
and calcium is most often used to allow a large liquid phase formation (the liquid phase
being mainly formed by Bi) and to compensate for the slow incorporation of Ca during
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Bi-2223 formation [Liu et al., 2001]. Surprisingly, the highest Jc values are not reached by
starting from a precursor powder containing predominantly the Bi-2223 phase, but from
one consisting of the Bi-2212 phase along with other components to permit the formation
of a liquid phase. As will be explained later in the text, the liquid phase is essential for
the formation of better aligned and connected Bi-2223 grains during the thermo-mechanical
treatment [Yamada et al., 1991; Dou et al., 1992].
The Bi-2223 material can not be practically used by itself, as it is mechanically very brittle
and sensitive to pollution from the moisture and carbon contained in the air. Therefore, the
superconductor is wrapped in a silver tube during the process for practical applications.
Silver is chosen for its chemical compatibility with BiSCCO. Moreover, it acts as a thermal
stabilizer when current is ﬂowing through the superconductor in the mixed state [Dou et al.,
1990a].
Once the precursor powder has been mixed, it is packed in a silver tube following the PIT
method explained in Section 4.1.3 and Figure 4.2. In contrast to MgB2 superconductors,
the Jc in Bi-2223 material is strongly depressed if the Bi-2223 grains are not well aligned.
Therefore, the Ag/Bi-2223 tube needs to go through a mechanical deformation to obtain a
ﬂat tape, as it permits us to increase the core density of the tape and to align the grains.
However, it introduces many defects into the superconductor, such as cracks, which will need
to be healed. Therefore, the tape is then subjected to a cycle of annealing and mechanical
deformation steps, the numbers and duration of which can vary from one processing route
to another.
The continuous tube forming and ﬁlling process, explained in Section 4.1.3 can also be
used to produce long length of Ag/Bi-2223 tapes.
Several methods can be used for the mechanical deformation of the tube into a tape.
Among them, the rolling method was the ﬁrst used to deform the Bi-2223/Ag tapes.
However, it introduces inhomogeneities along the tape due to the mechanical diﬀerences between the very soft and ductile silver sheath and the hard superconductor ceramic of Bi-2223.
Such inhomogeneity is in the form of inhomogeneous morphology in the superconducting core
and an undulating interface between the silver and the ceramic, both decreasing the current
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carrying capability of the tape. This phenomenon is commonly called “sausaging”.
To decrease the sausaging eﬀect, several elements have been added in order to create a
harder silver alloy sheath material that is still chemically compatible with the superconducting phase. Amongst the promising materials, aluminium, antimony, copper, gold, hafnium,
magnesium, manganese, nickel, palladium, titanium, yttrium, and zirconium have all been
shown to improve the mechanical properties of the sheath when added to the silver and do
not react with the BiSCCO components [Yoo et al., 1996; Ishizuka et al., 1997; Fischeryz
et al., 1998].
In addition to alloying the silver, a modiﬁcation of the mechanical deformation method
can help to decrease the sausaging and cracking. The normal pressing technique does not
produces sausaging but is not applicable for long lengths of conductor. With the sandwich
rolling technique, the wire is rolled between two steel sheets. This reduces sausaging as
well as the number of cracks parallel to the rolling direction. It thus makes it possible
to improve Jc [Dou, 2000; Liu et al., 2001]. However sausaging parallel to the tape core
appears when the sandwitch rolling method is used. The four axis rolling technique is
another deformation method where the tube is drawn through the rectangular center formed
by an arrangement of four rolls placed at an angle of 90◦ from each other. It gets rid of the
longitudinal sausaging while decreasing the thickness as well as the width of a tape [Grasso
and Flükiger, 1997; Huang et al., 1999]. Cryogenic and hot deformations both consist
of using the conventional rolling or pressing methods under cryogenic temperatures, usually
liquid nitrogen temperature (77 K), and hot temperatures (around 650◦ C), respectively [Liu
et al., 2001]. They have both been shown to produce higher Jc tapes [Dou et al., 1990b;
Däumling et al., 1995; Hu et al., 1997; Dou et al., 1998] but they increase the production
costs.
Although the four axis rolling gives the best results in terms of reduced sausaging and
cracking, and ultimately produces the tapes with the highest Jc values, the technique is
diﬃcult to implement in a laboratory. Therefore, the majority of the published work has
been done on tapes that were either rolled, pressed, or sandwich-rolled.
Once the Ag/Bi-2223 composite has been pressed into a tape, it goes through a thermo-
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mechanical stage. Indeed, the tape needs to be sintered in order to form the Bi-2223 phase. In
addition, it was found that an intermediate mechanical deformation between two sintering
steps increases the alignment of the grains as well as the density of the superconducting
core, producing tapes with higher Jc values. Many parameters of this thermo-mechanical
stage have to be considered: the heating and cooling rate, the sintering temperature and
sintering time, the partial oxygen pressure, and the number of sintering cycles. All these
interdependent parameters have to be optimized as a whole to produce the tapes with highest
possible Jc . This optimization is an empirical process based on trials of processing routes
and subsequent tape characterization.
Typically, the thermo-mechanical stage will be composed of two heat treatments (HT)
separated by an intermediate mechanical deformation. The second sintering stage will heal
the cracks formed during the intermediate mechanical deformation. It has also been shown
that the formation of Bi-2223 is almost complete after the second HT [Liu et al., 2001].
Any further HT could even lead to a decomposition of the Bi-2223 [Zeng et al., 2000] due
to the evaporation of Bi and Pb, inducing the formation of Ca-rich amorphous phases at
the grain boundaries and thus obstructing the current ﬂow. Similarly, excessive mechanical
deformation could create too many cracks that would not be all healed during another HT,
as the Bi-2223 phase would be already formed [Jin et al., 1991; Sung and Hellstrom, 1995].
However, this optimum alternation of HT and mechanical deformation also depends on the
diﬀerent parameters enumerated in the previous paragraph.
Before the ﬁrst HT, the tape core consist of numerous Bi-2212 grains that are randomly
oriented and poorly connected. The main purposes of the thermo-mechanical deformation
are the conversion of the Bi-2212 into Bi-2223 and the grain growth of Bi-2223 with improved
connectivity and alignment.
Usually, the ﬁrst HT transforms a part of the Bi-2212 into Bi-2223. Then an intermediate
deformation aligns and increases the density of the core while simultaneously creating defects
and cracks. Finally, the following HT partially melts the Bi-2223 phase already present and
the other components to form a liquid phase. This liquid phase is essential to heal the cracks
created during the mechanical deformation, but its recrystallization need to be optimized
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in order to avoid amorphous phases in the cracks and around the already formed Bi-2223
grains. Ideally, during the cooling step of the last HT, the liquid phase recrystallizes in
better connected, better aligned, and larger Bi-2223 grains [Liu et al., 2001]. This last heat
treatment is crucial as it can increase the Jc by more than 3 times the values measured
directly after the intermediate deformation [Jiang et al., 2001].
From this mechanism, it is easy to see that if the precursors enabling the formation of
the liquid phase are consumed too early to form Bi-2223, the crack healing process will be
impaired. To create tapes with a clean, well connected and aligned Bi-2223 core, experimentalists need to play with the formation and decomposition of Bi-2223 to get the highest
alignment and connectivity with a reduced crack density.
The cooling rate has a signiﬁcant eﬀect on the ﬁnal core composition. It has been found
that quenching prevents the formation of Bi-2212 and Bi-3221 but allows the formation
of a relatively large amount of Bi-2201 phase. On the contrary, a slow cooling seems to
fully prevent the formation of the Bi-2201 phase. However, slow cooling also leads to larger
amounts of Bi-2212 and Bi-3221 phases. While the Bi-2212, Bi-3221, and Bi-2201 phases
are superconducting, as opposed to the amorphous phases, they are very disruptive to the
current ﬂow due to their lower Tc . In fact, Bi-2201 phase, with a Tc below 20 K is the most
harmful secondary phase out of these three and when present, greatly diminishes the Ic in
Bi-2223 tapes, more than the Bi-2212 and Bi-3221 phases [Guo et al., 1997a]. Therefore a
slow cooling at the end of the second HT usually results in tapes with higher Ic [Liu et al.,
2001].
The presence of amorphous phases also impedes the current ﬂow, as they decrease the
grain connectivity. It was found that such phases generally form during the cooling. In
order to decrease their formation as well as Bi-2201 formation, a second and last HT with a
two-step sintering stage had been proved eﬀective [Guo et al., 1997b,a].
The oxygen partial pressure (PO2 ) also aﬀects the formation of Bi-2223 [Merchant et al.,
1994; Müller et al., 1998]: by decreasing it, the melting temperature of the BSCCO system is
lowered and the temperature range for the formation of Bi-2223 broadens [Merchant et al.,
1994]. It has also been shown in Liu et al. [2001] that a low PO2 can also increase the
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formation rate of Bi-2223. From such studies [Merchant et al., 1994; Liu et al., 2001], the
optimum PO2 appears to range from 0.08 to 0.1 atm.
Consequently, the processing of Bi-2223 tapes, and principally the thermo-mechanical
treatment, appears to be a complex process with a multitude of interdependent parameters.
The optimization of such parameters can only be done empirically, and great eﬀorts can still
be pursued in order to push the limits in terms of current carrying properties and gain a
better understanding of the phase formation and the crack healing processes.

6.1.4

MO characterization of Bi-2223 tapes

The magneto-optical technique has been used to study Bi-2223 tapes in combination with
other techniques to understand the general ﬂux penetration behavior in the superconducting
core under diﬀerent conditions in order to direct the optimization of the processing route.
Indeed, by using the MOI technique and other global and local characterization methods, a
connection can be made between the visualized current ﬂow, the tape microstructure, and
other characteristics of the tapes, such as their Tc and Jc .
By comparing the results from MOI and information about the microstructure of the
Bi-2223 core, it was found that the areas with highest supercurrent ﬂow correspond to areas
where the Bi-2223 grains are well aligned and connected [Pashitski et al., 1995; Luo et al.,
2000]. Such a high level of alignment is usually found at the superconducting core interface
with the silver sheath. On the contrary, the core center, where the misorientation of the
Bi-2223 grain is greater, exhibits a granular behavior with small current loops and lower Jc
values. Another study from Welp et al. [1995] has also shown high Jc values in well aligned
Bi-2223 grain colonies. However, they refute the hypothesis of a continuous high current path
at the superconductor interface with Ag due to the presence of secondary phase particles in
this area, strongly impeding the current ﬂow. Therefore, simultaneously increasing the grain
alignment and decreasing the presence of secondary phases in the Bi-2223 core is the key to
achieving high Jc value in Ag sheathed Bi-2223 tapes.
Moreover, with the help of magneto-optical observations, Pashitski et al. [1995] have
shown that there is a strong inﬂuence of the external ﬁeld on the eﬀective current carrying

6.1. Literature review on Bi-2223

129

area, the thickness of which decreases as the external ﬁeld is increased. In addition to the
external ﬁeld, the temperature also inﬂuences the magnetic behavior of the Bi-2223 core,
with the appearance of granular behavior as the temperature decreases [Koblischka et al.,
1999].
In order to increase the grain alignment, multiﬁlamentary tapes have been developed.
With a larger Ag/Bi-2223 interface than monocore tapes, multiﬁlamentary tapes exhibit
better magnetic behavior than the former. Indeed, the larger Ag interface promotes a better
alignment of the Bi-2223 grains, hence higher Jc values [Koblischka et al., 1998a].
Studies on multiﬁlamentary tapes show that the Bi-2223 ﬁlaments behave diﬀerently from
each other: Koblischka et al. [1998b] have observed that, at low applied ﬁelds, the shielding
currents mainly ﬂow in the outermost ﬁlaments whilst the central ﬁlaments play a role only
at higher ﬁelds. In the same way, in the remanent state, the ﬁeld is mainly retained in the
central ﬁlaments [Koblischka et al., 1998b]. This is most probably caused by the coupling
between ﬁlaments by random interﬁlament bridges, put in evidence by Professor Johansen’s
group from the University of Olso (Norway): at low temperature, individual ﬁlaments can
be distinguished in the ﬂux proﬁles made across the tape. At higher temperature however,
the ﬂux proﬁle across the tape is similar to that of a monoﬁlament tape [Bobyl et al., 2000;
Johansen et al., 2000]. This is explained by the enhancement of interﬁlament coupling.
During about the same period, Professor Larbalestier’s research group from the University of Wisconsin (USA) have investigated the evolution of the magnetic behavior in Bi-2223
mono and multiﬁlamentary tapes during their processing. The images obtained from the
MO technique at diﬀerent stages of the process and for diﬀerent processing routes show
the negative impact of the presence of cracks on the current ﬂow and hence on the Jc values [Jiang et al., 1999, 2001; Polyanskii et al., 2001]. The importance of the liquid phase
in healing these defects is demonstrated in [Jiang et al., 1999] and [Polyanskii et al., 2001].
The impact of the mechanical deformation has also been investigated, and it was found that
this processing step should be optimized in order to balance the decrease in the porosity and
the increase in the number of cracks [Jiang et al., 2001]. Special care also needs to be taken
for the last HT, as it can not only heal the cracks but also increase the grain connectivity,
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as shown by Polyanskii et al. [2001]
The eﬀect of mechanical stress applied on the ﬁnished Ag/Bi-2223 tapes was also studied
via the MOI characterization method. The technique was either used in a “dynamic” mode
with a modiﬁed cryostat enabling the observation of the tape via MOI while the strain is
applied [van der Laan, 2004], or in a “static” mode in which the tape was put under stress
outside the cryostat and then magneto-optically observed [Koblischka et al., 1997]. The
stress applied on the tape induced cracks nucleating from weak spots in the superconducting
matrix. These weak spots are generally partially healed cracks created during the intermediate deformation of the processing route and already visible with MOI before any strain is
applied [van der Laan, 2004]. With the applied stress, the magnetic ﬂux penetration goes
from almost homogeneous for an intact tape to a crack-governed penetration [Koblischka
et al., 1997; van der Laan, 2004]. Once cracks are formed, the magnetic ﬂux enters and exits
the superconductor matrix along these cracks, and the ﬂux penetration is increased with
increasing applied stress [Koblischka et al., 1997].

6.2

Optimization of the processing route via a combination
of characterization techniques

As stated in the previous section, the lack of connectivity (weak links) between superconducting grains in Bi-2223 tapes and the presence of cracks induced by the fabrication process
usually have a major impact on the critical current (Ic ). An enormous amount of research
has been carried out on Bi-2223 tapes since their ﬁrst implementation. However, only a few
studies deal with global and local electromagnetic as well as microstructural characterization
techniques in order to investigate in depth the inﬂuence of diﬀerent parameters of the processing route on the ﬁnal properties of Bi-2223 tapes. Thus, the aim of this work is not only
to provide the characteristics of the Bi-2223 tapes tailored by a certain fabrication route but
also to summarize the implications of the characterization techniques employed.
For this study, a set of Ag-sheathed Bi-2223 (Bi1.72 Pb0.34 Sr1.85 Ca1.99 Cu3 Ox ) tapes was
produced using the powder-in-tube technique under various ﬁnal heat treatment conditions.
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These tapes were comparatively studied by “local” (magneto-optical imaging) and “global”
(X-ray diﬀraction, magnetization and transport measurements) techniques. The combination
of the complementary “local” and “global” results was used for establishing links between
microstructure formation mechanisms and superconducting properties and to clarify the
inﬂuence of the temperature of the second step annealing process on the superconducting
and microstructural properties of Bi-2223 multiﬁlamentary tapes.

6.2.1

Experimental procedure

The studied tapes were produced by the standard PIT technique. A precursor powder with
a nominal chemical composition of Bi:Pb:Sr:Ca:Cu = 1.72:0.34:1.85:1.99:3 was packed into
a cladding tube of Ag+0.2wt Mg of external diameter 6.5 mm and wall thickness of 1 mm.
According to Dou and Liu [1993], the nominal composition chosen is optimal for achieving
the best superconducting properties with a relatively short annealing time. The tube was
subsequently drawn to a diameter of 1.21 mm. The obtained wire was then cut to allow
the stacking of 37 ﬁlaments into an outer cladding tube of the same composition, Ag+0.2wt
Mg. This new tube was drawn to a diameter of 1.31 mm with intermediate annealing in
a nitrogen (N2 ) atmosphere. Following the drawing, the tubes were rolled into tapes with
a nominal thickness of 0.3 mm. These tapes were then subjected to two heat treatments
in air and low oxygen pressure with an intermediate rolling (IR). The ﬁrst sintering stage
(HT1) was carried out at 840 ◦ C in air for 50 hours (h) and followed by the IR in order to
improve the grain alignment and increase the tape density [Jiang et al., 2001]. The second
heat treatment (HT2), in low oxygen pressure, consisted of 2 annealing steps: the ﬁrst one
at 825 ◦ C for 40 h and the second one for 30 h at diﬀerent temperatures from 725 ◦ C to
800 ◦ C as described in Table 6.1. The tape referred to as TSC was cooled by a slow cooling
ramp after the ﬁrst annealing step at 825 ◦ C. All the details of the HT1-IR-HT2 process are
schematically shown in Figure 6.2.
For the MO experiments, the indicator ﬁlm was placed directly on the top of the intact Bi2223 tape as is represented in Figure 6.3. The magnetic ﬁeld Ba was applied perpendicularly
to the tape plane. All the images were taken in constant magnetic ﬁeld and temperature
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Table 6.1: The second-step sintering temperature during HT2 for the tapes studied.
Sample

Second-step annealing
temperature during HT2

T725

725 ◦ C

T750

750 ◦ C

T785

785 ◦ C

T800

800 ◦ C

TSC

Slow cooling

Figure 6.2: Schematic illustration of the sintering process for the studied tapes, TX =725 ◦ C
for tape T725 , 750 ◦ C for T750 , 785 ◦ C for T785 , and 800 ◦ C for T800 , while the
tape referred to as TSC was slow cooled.
after samples had been cooled in zero ﬁeld through Tc .
Magnetization measurements were carried out by SQUID magnetometer to determine
the critical temperature, as well as the magnetic moment hysteresis loops as a function of
Ba . Due to complex interactions between ﬁlaments in multiﬁlamentary tapes and, hence,
uncertain mathematical expressions for the magnetic critical current density calculation of
the tapes, Jcm can not be precisely estimated. However, it is known to be directly proportional
to the vertical width of the magnetization loops. Therefore, the Jcm values obtained are
presented in arbitrary units. As in the case of MO observations, the ﬁeld was applied
perpendicular to the surface of the tapes. Transport current measurements of the critical
current (Ic ) were made at the temperature T = 77 K in self ﬁeld with the four-probe
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Figure 6.3: Set-up of the Bi-2223 multiﬁlamentary tape for the MO observations.
method on a 10 cm long sample with the voltage contacts spaced by 5 cm. The criterion
of 1 µV/cm was used. Jct was deﬁned as Ic /S, where S is the area of the cross-section
of the superconducting ﬁlaments, which was determined by optical microscopy. The X-ray
diﬀraction measurements were made on the superconductor extracted from the tape ﬁlaments
and thoroughly ground in a mortar.

Figure 6.4: Two typical optical images of tape cross-sections and magneto-optical images
corresponding to the same tape, the magneto-optical images were taken by
placing the ﬁlm on top of the tape at 30 K under an applied ﬁeld of 30 mT.
The tapes are 3 mm broad and 0.25 to 0.27 mm thick. The black ﬁber-dust-like
details correspond to defects in the indicator ﬁlm.
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Results

Magneto-optical imaging
Figure 6.4 (top) shows typical images of tape cross-sections and corresponding MO images
(bottom) of the upper plane of the tapes at Ba = 30 mT and T = 30 K. In general, the
optical images of cross-sections for all the tapes do not reveal signiﬁcant diﬀerences in the
arrangement of the superconducting ﬁlaments in the silver matrix.
On the MO images, the dark stripes correspond to the superconducting ﬁlaments expelling magnetic ﬂux due to Meissner shielding currents. The correlation between the optical
and the MO images of the upper layer of the ﬁlaments is obvious. However, MO images for
multiﬁlamentary tapes are complicated by the inﬂuence of the underlying ﬁlaments. This
inﬂuence leads to the overlapping of the magnetic ﬂux and, hence, possible contrast variation
across the width of the tapes. In addition, MO imaging of the ﬁlaments in the center of
tapes usually provides sharper and more consistent images due to the small curvature of the
intact tape surface, which results in a gap between the tape surface and the indicator ﬁlm
at the edges [Jooss et al., 2002]. Therefore, discussion of the ﬂux penetration behavior in
the tapes relies mainly on the behavior of the central ﬁlaments.
Figure 6.5 illustrates the evolution of the magnetic ﬂux density with temperature in all
the tapes investigated. The pictures show ﬂux distributions at T = 30, 50 and 70 K which
were taken at increasing temperatures with Ba = 30 mT applied after zero ﬁeld cooling.
The black ﬁber-dust-like features correspond to defects in the MO indicator ﬁlm. The zigzag
lines, especially visible for samples T725 and T750 at 50 and 70 K, are in-plane domain
walls of the MO layer as explained in Chapter 2, Section 2.3.1. They are irrelevant for our
considerations.
The ﬂux penetration as a function of temperature for diﬀerent tapes can be described as
follows. At 30 K, the magnetic ﬂux is shielded out of the central ﬁlaments for all the tapes.
The ﬂux front is rather smooth for the T725 , T750 and T800 tapes, whereas the T785 and TSC
tapes exhibit fractal front penetration. As is generally accepted, transverse “ﬂux ﬁngers”
in the ﬂux front of Bi-based tapes occur along weak-link channels created by deformationinduced cracks that were unhealed during the second stage heat treatment [Polyanskii et al.,
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Figure 6.5: MO images of the ﬁve studied tapes, under an applied ﬁeld of 30 mT at 30, 50
and 70 K. The black ﬁber-dust-like details are defects in the indicator ﬁlm; the
zigzag lines, visible in tapes T725 and T750 , are also features of the indicator
and do not depend on the sample.
2001]. Diﬀerences in the ﬂux fronts can presumably indicate better or worse healing processes
in the tapes annealed at diﬀerent temperatures.
At 70 K, the ﬁlaments exhibit homogeneous ﬂux penetration along the superconducting
ﬁlaments for all the tapes. However, the gray scale of the MO images shows a slight modulation across the tapes, indicating the ﬂux diﬀerence between superconducting ﬁlaments and
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non-superconducting silver spacing. According to Bobyl et al. [2000] and Johansen et al.
[2000] and as explained in Section 6.1.4, at suﬃciently high temperatures the current ﬂow
in multiﬁlamentary tapes is similar to that in a monoﬁlamentary tapes. This eﬀect is visible
in Figure 6.5 at 70 K where the ﬁlaments in the center of the tapes are darker than on the
edges and the general light modulation proﬁle accross the tapes is approching the smooth
one of the monoﬁlamentary tape.

Critical current density
In Figure 6.6 (a), Jcm as a function of the ﬁeld as measured by a SQUID magnetometer is
shown for T = 20 K. The Jcm ﬁeld dependence is similar for all the samples, indicating a similar pinning mechanism for all of them. However, the Jcm curves can be clearly distinguished
into two groups. The ﬁrst set with higher Jcm values consists of the T785 and TSC samples,
whereas T725 , T750 and T800 form the second group with lower Jcm . The same trend in Jcm
behavior is valid over the measured temperature range (5 K ≤ T ≤ 90 K).
Figure 6.6 (b) summarizes magnetic Jcm (0) measured at Ba = 0T for diﬀerent temperatures and transport Jct (0) measured by the four probe method in liquid nitrogen (T = 77 K).
One discrepancy is observed for the T750 tape annealed at 750◦ C. Indeed, while Jcm (0) gradm
m
ually increases from T725 to T785 with Jc,T
(0) < Jc,T
(0), the transport measurement
750
785
t
indicates that Jct for T750 is the highest among T725 , T750 and T785 so that Jc,T
(0) >
750
t
t
Jc,T
(0) > Jc,T
(0). The diﬀerence between the trends for magnetic and transport Jc (0)
785
725

is not an artefact, since Jct (0) was routinely measured on three diﬀerent pieces cut from the
same tape, and the values represented in Figure 6.6 (b) are the average values obtained in
the measured pieces for each sample. The MO images provide a possible clue to explain
the discrepancy. Tape T750 has rather smooth ﬂux front penetration, indicating a small
amount of cracks, whereas sample T785 shows pronounced fractal ﬂux penetration, presumably due to cracks, which hinder the supercurrent ﬂow and reduce Jct (Figure 6.5). This
higher crack density would noticeably aﬀect Jct , while in contrast, Jcm is less sensitive to
cracks as explained in Section 3.1.1.
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Figure 6.6: (a) Jcm as a function of the applied ﬁeld. The curves were extracted from the
magnetization loops at 20 K.
(b) Magnetic and transport Jc as a function of the sintering temperature at
diﬀerent temperatures. The Jcm was estimated from the magnetization loops
at zero ﬁeld. Jct was measured with the four-probe method.
X-ray diﬀraction analysis
A further insight into the understanding of the superconducting behavior in the samples
investigated can be obtained by establishing the phase composition in the superconducting
ﬁlaments of the tapes. Figure 6.7 (a) presents X-ray diﬀraction patterns obtained from
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Figure 6.7: (a) XRD patterns for the diﬀerent tapes. Peaks marked by “A” correspond to
the Bi-2223 phase, “B” to Bi-2212, “C” to Bi-2201, and “D” to Bi-3221.
(b) The relative amount of Bi-2201 and Bi-2212 compared to the amount of
Bi-2223 as a function of the sintering temperature.
the ﬁlament powder for each tape. For all the tapes, Bi-2223 is undoubtedly the major
phase. However, the following secondary phases can be seen as well: Bi-2212, Bi-2201,
and Bi-3221. The amount of these phases varies from tape to tape. The relative volume
fraction of the secondary phases Bi-2212 and Bi-2201 (with relatively low Tc compared to
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the major high Tc Bi-2223 phase) has been estimated from the intensity ratios of XRD
peaks corresponding to the same crystallographic plane. The result of this calculation is
represented in Figure 6.7 (b) as a function of the second-step sintering temperature of HT2.
However, owing to the uncertainty of the XRD intensity ratio calculations, especially due
to the weak intensity of the Bi-2212 and Bi-2201 peaks, only the increase in the secondary
phase in T785 can be considered as signiﬁcant.
The proportion of Bi-3221 could not be evaluated, as the Bi-3221 phase does not present
any peaks corresponding to the same crystallographic plane in the 2θ range investigated.
Nonetheless, the peaks corresponding to the Bi-3221 phase are signiﬁcantly more intense in
tapes T785 and T725 , which proves the higher presence of Bi-3221 phase in these two tapes.
It is also in line with the Bi-2212 and Bi-2201 proportion trends in Figure 6.7 (b).

6.2.3

Discussion

A reduction of the amount of cracks, by improving the healing process during the second
sintering stage, as well as an optimized phase conversion, would lead to an enhancement
of both the transport and the magnetic Jc as seen in Section 6.1.3. However, as has been
described in the literature review, the Bi-Sr-Ca-Cu-O system is complex, and the optimal
sintering condition (temperature and duration) for the physical integrity of the ﬁlaments,
the Bi-2223 phase formation, and the grain alignment are diﬀerent. Therefore, the best
compromise has to be found in order to achieve tapes with the highest Jc . Below, we explore
possible mechanisms for crack healing and phase conversion with our processing parameters
in order to ﬁnd the best possible balance to achieve high Jc and Tc tapes.
As was reported in a previous study [Liu et al., 1999; Guo et al., 1994], after the ﬁrst
heat treatment HT1, the tape is composed of diﬀerent phases, with a great proportion of
Bi-2212 and Bi-2201, while it is relatively poor in Bi-2223 [Guo et al., 1994]. The second
heat treatment usually provides further phase transformation to obtain a high proportion
of Bi-2223 in the ﬁnal tape. At the end of the ﬁrst annealing step of HT2, the tapes most
probably have the same crack density as well as the same phase composition, since they
have undergone the same fabrication process. From diﬀerent studies on microstructural
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transformation in Bi-2223 tapes, such as Giannini et al. [1999] and Tirumala et al. [1998],
the phases Bi-2223, Bi-2212, Bi-2201, CuO, and Ca2 PbO4 are likely to be present in the
tapes, the ﬁrst being the major phase. The liquid phase is formed during the ﬁrst annealing
step of HT2. If the liquid phase is not cooled down properly it can result in the formation
of weak links or amorphous and secondary phases [Polyanskii et al., 2001; Liu et al., 1999].
It has been shown that the formation of Bi-2223 is favored above 800 ◦ C, and the optimum
temperature is 825 ◦ C [Liu et al., 1999; Guo et al., 1994; Jiang et al., 2003], which corresponds
to the temperature of the ﬁrst sintering step of HT2. Both the second sintering step and
the slow cooling process are believe to improve the conversion of both liquid and secondary
phases to obtain the optimal microstructure.
The tape TSC was slow cooled (1 ◦ C/hour) and thus maintained at a temperature above
800 ◦ C for a much longer time than the other tapes (25 h instead of less than one hour for
the four other tapes). This extra time permits a good and almost complete transformation of
the remaining Bi-2212 phase into Bi-2223, as can be seen from the XRD results in Figure 6.7.
The magnetization measurements as a function of temperature in Figure 6.8 show that the
transition width (∆Tc ) for TSC is the narrowest (30 K) among all the samples, which is
consistent with a relatively pure phase composition. In addition, this extra time above
800 ◦ C allows the liquid phase to fully permeate the whole ﬁlament, which in turn leads to
better crack healing compared to the other tapes. This is shown by the highest Jc values,
both transport and magnetic, in Figure 6.6.
The tape T800 was sintered in a two step process where the second step annealing temperature was 800 ◦ C. Guo et al. [1993] reported that in the ﬁrst hours of sintering the increase in
Bi-2223 content does not lead to a great increase in the critical current density, as the grains
are not numerous enough to form a continuous path for the current. Only after 50 h of sintering between 830 and 836 ◦ C does a signiﬁcant increase in Jc occur. Our tape was sintered
for 40 h at 825 ◦ C followed by 50 min of cooling down to 800 ◦ C, where it was sintered for
30 h. These temperatures are signiﬁcantly lower than those used in the experiments reported
in [Guo et al., 1993], moreover 800 ◦ C is the lower limit for the Bi-2223 conversion [Tirumala
et al., 1998]. In these conditions, we can reasonably assume the reaction will be slower, as
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Figure 6.8: Temperature dependence of the zero-ﬁeld-cooled DC magnetization M (T )
under Ba = 25 Oe. The inset shows the evolution of the transition width with
the annealing temperature of the second sintering step. The transition width
was calculated by taking the width at half-height of peak of the M (T ) ﬁrst
derivative corresponding to the superconducting transition.
shown by the XRD results. An incomplete conversion of the secondary phases in Bi-2223
would lead to a poor connectivity between grains, which explains the drop in both Jcm and
Jct compared to tape TSC . Although the MO images do not show apparent cracks, a rapid
decrease in the contrast is clearly visible even at 50 K (Figure 6.5). The weak-links between
Bi-2223 grains or colony boundaries are not visible on the MO images at the magniﬁcation
used for this study. However, the loss of contrast indicates magnetic ﬂux penetration in the
sample, which supports our above-mentionned assumption of an incomplete conversion.
Lowering the temperature of the second sintering step to 785 ◦ C for tape T785 impeded
the Bi-2223 conversion from the liquid phase, which instead could give rise to Bi-2201 phase
as it is a fast formation process [Liu et al., 1999]. At the same time, the liquid phase is
expected to creep on the surface of the grain due to the surface tension. Then, during the
relatively low temperature second sintering step, the liquid phase will convert into secondary
phases such as Bi-2212 or Bi-3221, as can be seen from the XRD results in Figure 6.7, as
well as amorphous phase. These low Tc secondary phases form faster than the Bi-2223 phase
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at 800 ◦ C due to their lower activation energy, and the faster liquid phase consumption
will impede the crack healing process. This is evident from the MO images of tape T785 in
Figure 6.5, where numerous cracks are noticeable in the form of “ﬂux ﬁngers”. However, as
shown in Jiang et al. [2003], precipitate-like defects in the microstructure in some cases leads
to higher Jcm , as defects can act as pinning centers, which would explain the increase of Jcm
compared to T800 in Figure 6.6 (b).
750 ◦ C is the temperature of the second annealing step for tape T750 . From Jiang et al.
[2003], this is also the optimum temperature for Pb-3221 formation. According to the same
study, the precipitation of Pb-3221 in Bi-2223 tapes leads to an increase in Jct as can be seen
in Figure 6.6 (b) although the reason for such an increase is not yet fully understood. The
formation of Pb-3221 not only decreases the Pb content for the present phases, but also Bi,
Sr and Cu, and this can impede the formation of Bi-2223 phase as well as secondary phases,
which in turn would lead to a decrease in the pinning force compared to tape T785 and thus
a decrease in Jcm .
T725 was sintered at an even lower temperature (725 ◦ C) during the second sintering step
in order to demonstrate the detrimental eﬀect of low temperature sintering. As stated for
tapes T750 and T785 , such a temperature is too low for a good conversion of the liquid phase
present in the tape at the end of the ﬁrst sintering step. Instead, at such a low temperature,
the liquid phase will transform into Bi-2201, probably during the cooling ramp from the ﬁrst
to the second sintering step, as well as into Bi-3221 and amorphous phases. Such secondary
phases formation can be seen in the XRD results in Figure 6.7. This imperfect conversion
leads to a noticeable broadening of the ∆Tc (Figure 6.8 inset), which equals 62 K instead
of 30 K for TSC . Additionally, the formation of secondary and amorphous phases decreases
the connectivity of the tape, leading to poor Jc values (Figure 6.6).

6.2.4

Summary

i. The ﬁrst notable fact for the tapes investigated is the presence of comparable trends
extracted from the magnetic Jcm (Figure 6.6 (b)), X-ray diﬀraction analysis (Figure 6.7 (b)),
and transition width measurements (inset of Figure 6.8). This consistency indicates an
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important role for pinning induced by the secondary phases and precipitates in the tapes.
ii. The trend for Jct is almost the same, except for one sample, T750 . This is supported
by MO imaging, which reveals a smooth penetration front for T750 compared to a fractal
pattern for the T785 tape, as well as a larger contrast (ﬂux gradient dB/dx ∝ Jc ) for the
T750 and TSC tapes.
iii. Generally, all the experimental data provide reasonably consistent results, which fully
describe the behavior on macro- and microscopic scales. These facts enable us to single out
the TSC tape and its fabrication procedure as the most optimal approach, which is consistent
with previous studies [Jiang et al., 2001; Guo et al., 1993, 1994] showing an improvement of
the superconducting properties of Bi-2223 tapes with longer annealing time.

Part IV

Conclusion

Chapter 7

Conclusion
This PhD work had three main objectives, all aiming toward a better understanding of the
mechanisms of ﬂux penetration in diﬀerent types of superconductors.
To a large extent, these objectives have been fulﬁlled:
• A new, more eﬃcient MOI system in ISEM has been setup. Prior to the
commencement of my research, the MOI facilities in ISEM had relatively poor thermal and
mechanical stability due to the mechanism of the cooling system. In addition, the sample
could only be cooled down to 20 K. During the course of my PhD, I have set up a new system
for the magneto-optical study of superconductors, which allows cooling with liquid helium.
For such a set-up, the cryostat, the magnet and the temperature controller had to be changed,
whereas the vacuum system and the positioning table had to be extensively modiﬁed. This
new,liquid helium cooled MOI system enables the acquisition of MO images of signiﬁcantly
improved quality due to great reductions in thermal and mechanical vibrations. In addition,
it permits the investigation of ﬂux behavior in superconducting samples at temperatures as
low as 1.8 K.
• A program for the quantiﬁcation of the magnetic ﬂux and current density in
the MO images has been created. An entirely new computer program has been created
in order to quantify the magnetic ﬂux density in the images obtained from the MO system.
This user-friendly computer program oﬀers a choice between a pixel-by-pixel quantiﬁcation
and an average-pixel-cluster quantiﬁcation. The former method, consisting in calculating a
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unique calibration curve for each pixel of the area to be calibrated, is more rigorous, but
also more time consuming. The latter consists of doing an averaging calibration on only a
cluster of pixels and extends the result to the whole image. It is a much faster calculation
process than the ﬁrst method, but not as rigorous.
In addition, a second program has been implemented for the determination of the current
density in thin ﬁlms. From magnetic ﬂux quantiﬁed images, this program calculates current
density images as well as a contour plot representing the current ﬂow direction in the sample.
In correlation with the drastic improvement in the MOI equipment, these two programs will
permit magneto-optical studies of the magnetic ﬂux penetration in superconducting samples
of higher quality. The local evaluation of the magnetic ﬂux and supercurrent density in the
sample, enabled by the two quantiﬁcation programs, is of prime importance for a further
understanding of the phenomena of superconductivity.
• The ﬂux penetration behavior in diﬀerent superconducting samples has
been studied with the newly installed MOI system. Both the old and new MOI
systems, as well as both quantiﬁcation programs, have been applied to the study of the three
most promising superconducting materials in terms of practical applications: MgB2 , YBCO
and Bi-2223.
A new correlation between the MgB2 ﬁlm microstructure and the FJ governed ﬂux penetration has been highlighted with the MO study of MgB2 thin ﬁlms. It appears that although
the microstructural defects, such as holes, are not the cause of the dendritic avalanche phenomenon, they strongly aﬀect the direction of the magnetic ﬂux propagation in the sample.
By changing the microstructure of the MgB2 thin ﬁlms, it should thus be possible to tune
the magnetic ﬂux propagation behavior in the superconducting samples, even when the ﬂux
penetration is dominated by ultra-fast avalanche-like ﬂux-jumps.
MgB2 /Fe sheathed wires have also been investigated. The analysis of the shielding eﬀect of
iron on the current density distribution in the superconducting core of MgB2 /Fe sheathed
wires via MOI has shown an eﬀective redistribution of the current density without, however,
any appearance of local overcritical current density. These results conﬁrm the inﬂuence of
the magnetic environment on the magnetic behavior of superconductors.
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The MO investigations on YBCO samples produced by diﬀerent techniques and with diﬀerent
morphologies give valuable information about the ﬂux penetration behavior in samples with
diﬀerent microstructures and thicknesses. From these results, the presence of crystallographic
misalignment in the YBCO ﬁlm, such as ab-growth blocks, visibly disturbs the current ﬂow
in the superconductor. In addition, the beneﬁt of multilayers for obtaining thicker YBCO
ﬁlms has been shown: they maintain the microstructural integrity of the ﬁlm as the thickness
is increased, and this results in higher Jc values in multilayer and monolayer ﬁlms of the
same total thickness. Therefore, multilayer ﬁlms are a solution against the decrease of Jc
with increasing ﬁlm thickness and to the production of YBCO based conductors with high
current capabilities (high Ic ).
Finally, the magneto-optical study of Bi-2223 tapes, in combination with other global characterization results (magnetic measurements, transport measurements, and XRD), oﬀers new
insights on the Bi-2223 phase formation and the crack healing process. This should permit
an optimization of the sintering stage in the Bi-2223/Ag composite tape processing route in
order to improve the eﬃciency of their production.

Suggestion for further work
Further work would be useful in order to optimize the MO system. A mercury lamp should
replace the white light lamp used at present, as it would permit the visualization of the
diﬀerent magnetic ﬁeld directions in the sample and improve the precision of the quantiﬁcation process. In addition to the mercury lamp and in order to obtain MO images of higher
qualities, a camera of higher quality, such as a cooled camera, could present some advantages, as it would reduce the exposure time and thus enable the visualization of the magnetic
behavior in a sample submitted to fast changing conditions, such as a short current pulse.
The creation of a program enabling the computerized control of the temperature, magnetic
ﬁeld intensity, applied current, delay time for the image capture, and picture exposure time
would enable a more rigorous and reproducible use of the system, as well as the possibility
of the synchronization of current or ﬁeld pulses with the imaging system in order to study
the eﬀect of high currents and ﬁelds on a superconducting sample.
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The quantiﬁcation program could be improved so as to reduce the calculation time.
Furthermore, the two programs for the calibration in ﬁeld and the quantiﬁcation of the
current density in the samples could be made compatible and converted into a single standalone, user-friendly, computer application.
Concerning the diﬀerent studies of superconductors, an extensive investigation of YBCO
mono- and multilayer samples would be useful to precisely understand the impact of the
thickness and diﬀerent microstructural defects on their magnetic properties. More work is
also needed to fully understand the shielding eﬀect of the iron sheath in MgB2 /Fe sheathed
wires. The study of bare samples and sheathed samples with the iron polished oﬀ on both
sides represents a technical challenge in terms of sample preparation, but would be extremely
valuable for a better knowledge of the interaction of superconductors with ferromagnetic
materials.
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H. Suo, C. Beneduce, M. Dhallé, N. Musolino, J. Genoud and R. Flükiger [2001] Applied
Physics Letters, vol. 79 (3), pp. 3116–3118.
R. Surdeanu, R. Wijngaarden, B. Dam, J. Rector, R. Griessen, C. Rossel, Z. Ren and J. Wang
[1998] Physical Review B, vol. 58 (18), p. 12467.
Y. Takano, H. Takeya, H. Fujii, H. Kumakura, T. Hatano, K. T. H. Kito, H. IharaY, H. Kito
and H. Ihara [2001] Applied Physics Letters, vol. 78 (19), pp. 2914–2916.
T. Takenobu, T. Ito, D. Chi, K. Prassides and Y. Iwasa [2001] Physical Review B, vol. 64,
p. 134513.
J. Tallon, R. Buckley, P. Gilberd, M. Presland, I. Brown, M. Bowden, L. Christian and
R. Goguel [1988] Nature, vol. 333, pp. 153–156.
J. Tarascon, W. McKinnon, P. Barboux, D. Hwang, B. Bagley, L. Greene, G. Hull, Y. LePage,
N. Stoﬀel and M. Giroud [1988] Physical Review B, vol. 38 (13), pp. 8885–8892.
S. Tirumala, D. Lee, D. Kroeger and K. Salama [1998] Superconducting Science and Technology, vol. 11, pp. 496–504.
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H. Träuble and U. Essmann [1968b] Physica Status Solidi (b), vol. 25 (1), pp. 373–393.
K. Ueda and M. Naito [2001] Applied Physics Letters, vol. 79 (13), pp. 2046–2078.
C. van der Beek, M. Konczykowski, A. Abaloshev, I. Abalosheva, P. Gierlowski,
S. Lewandowski, M. V. Indenbom and S. Barbanera [2002] Physical Review B, vol. 66, p.
024523.
D. van der Laan [2004] Flux pinning and connectivity in polycrystalline high-temperature
superconductors. Ph.D. thesis, University of Twente, Enschede.

References

163

C. Varanasi, P. Barnes, J. Burke, J. Carpenter and T. Haugan [2005] Applied Physics Letters,
vol. 87, p. 252610.
V. Vlasko-Vlasov, U. Welp, V. Metlushko and G.W.Crabtree [2000] Physica C, vol. 341348, pp. 1281–1282.
C. Wang, K. Do, M. Beasley, T. Geballe and R. Hammond [1997] Applied Physics Letters,
vol. 71 (20), pp. 2955–2957.
J. Wang, X. Cai, R. Kelley, M. Vaudin, S. Babcock and D. Larbalestier [1994] Physica C,
vol. 230 (1-2), pp. 189–198.
X. Wang, S. Soltanian, J. Horvat, A. Liu, M. Qin, H. Liu and S. Dou [2001] Physica C, vol.
361 (3), pp. 149–155.
X. Wang, S. Zhou, M. Qin, P. Munroe, S. Soltanian, H. Liu and S. Dou [2003] Physica C,
vol. 385, pp. 461–465.
Y. Wang, W. Bian, Y. Zhu, Z. Cai, D. Welch, R. Sabatini, M. Suenaga and T. Thurston
[1996] Applied Physics Letters, vol. 69 (4), pp. 580–582.
H. Weinstock [2000] Application of Superconductivity. Boston, Kluwer Academic Publishers.
M. Welling, R. Westerwaal, W. Lohstroh and R. Wijngaarden [2004] Physica C, vol. 411,
pp. 11–17.
U. Welp, D. Gunter, G. Crabtree, W. Zhong, U. Balachandran, P. Haldar, R. Sokolowski,
V. Vlasko-Vlasovl and V. Nikitenko [1995] Nature, vol. 376, pp. 44–46.
R. Wijngaarden, R. Griessen, J. Fendrich and W. Kwok [1997a] Physical Review B,
vol. 55 (5), p. 3268.
R. Wijngaarden, R. Surdeanu, G. R, A. Menovsky, J. Fendrich and W. Kwok [1997b] Physica
C, vol. 282-287, pp. 2291–2292.
R. Wijngaarden, K. Heeck, H. Spoelder, R. Surdeanu and R. Griessen [1998] Physica C, vol.
295, pp. 177–175.
R. Wijngaarden, C. Aegerter, M. Welling and K. Heeck [2004] In Magneto-Optical Imaging,
edited by T. Johansen and D. Shantsev, vol. 142 of NATO Science Series, pp. 61–70.
Dordrecht, Boston, London, Kluwer Academic Publishers in conjunction with the NATO
Scientiﬁc Aﬀairs Division.
M. Wu, J. Ashburn, C. Torng, P. Hor, R. Meng, L. Gao, Z. Huang, Y. Wang and C. Chu
[1987] Physical Review Letters, vol. 58 (9), pp. 908–910.
Y. Yamada, B. Obstt and R. Fiukiger [1991] Superconducting Science and Technology, vol. 4,
pp. 165–171.
S. Yampolskii, Y. Genenko and H. Rauh [2004] Physica C, vol. 415, pp. 151–157.
S. V. Yampolskii and Y. Genenko [2005] Physical Review B, vol. 71, p. 134519.

References

164

Z. Ye, Q. Li, G. Gu, J. Tu, W. Kang, E. Choi, H. Kim and S. Lee [2003] IEEE Transactions
on Applied Superconductivity, vol. 13 (2), pp. 3722–3725.
Z. Ye, Q. Li, Y. Hu, A. Pogrebnyakov, Y. Cui, X. Xi, J. Redwing and Q. Li [2004] Applied
Physics Letters, vol. 85 (22), pp. 5284–5286.
J. Yoo, H. Chung, J. Ko and H. Kim [1996] Physica C, vol. 269 (1-2), pp. 109–114.
M. Zehetmayer, M. Eisterer, J. Jun, S. Kazakov, J. Karpinski, A. Wisniewski and H. Weber
[2002] Physical Review B, vol. 66, p. 052505.
R. Zeng, P. Yao, J. Horvat, H. Liu, T. Beales and S. Dou [2000] In Advances in cryogenic
engineering materials, edited by Q.-S. Shu, vol. 45 of Proceeding of the International
Cryogenic Material Conference, pp. 575–581. New York, Plenum Press.
S. Zhang, J. Zhang, T. Zhao, C. Rong, B. Shen and Z. Cheng [2001] arXiv:cond-mat, p.
0103203.
Y. Zhao, Y. Feng, C. Cheng, L. Zhou, Y. Wu, T. Machi, Y. Fudamoto, N. Koshizuka and
M. Murakami [2001] Applied Physics Letters, vol. 79 (8), pp. 1154–1156.
Y. Zhao, C. Cheng, Y. Feng, T. Machi, D. Huang, L. Zhou, N. Koshizuka and M. Murakami
[2003a] Physica C, vol. 286, pp. 581–587.
Y. Zhao, M. Ionescu, A. Pan, S. Dou and E. Collings [2003b] Superconducting Science and
Technology, vol. 16, pp. 1487–1492.
Y. Zhao, M. Ionescu, J. Horvat and S. Dou [2004a] Superconducting Science and Technology,
vol. 17, pp. S482–S485.
Y. Zhao, M. Ionescu, J. Horvat, A. Li and S. Dou [2004b] Superconducting Science and
Technology, vol. 17, pp. 1247–1252.
Y. Zhao, M. Ionescu, J. Horvat and S. Dou [2005a] Superconducting Science and Technology,
vol. 18, pp. 395–399.
Y. Zhao, M. Ionescu, M. Roussel, A. Pan, J. Horvat and S. Dou [2005b] IEEE Transactions
on Applied Superconductivity, vol. 15 (2), pp. 3261–3264.
S. Zhou [2004] Processing and characterization of magnesium diboride superconductors.
Ph.D. thesis, Institute for Superconductong and Electronic Materials, University of Wollongong.
S. Zhou, A. Pan, M. Ionescu, H. Liu and S. Dou [2002a] Superconducting Science and Technology, vol. 15, pp. 236–240.
S. Zhou, A. Pan, H. Liu and S. Dou [2002b] Physica C, vol. 382, pp. 349–354.
S. Zhou, H. Liu, J. Horvat and S. Dou [2003] Journal of Low Temperature Physics, vol.
131 (3-4), pp. 687–692.

Publications
• “Optimization control of Bi-2223 superconducting tape fabrication procedure by magnetooptical imaging”, M. Roussel, A.V. Pan, R. Zeng, H.K. Liu, S.X. Dou, and T.H. Johansen,
(2004), in Magneto-Optical Imaging, edited by T.H. Johansen and S.V. Shantsev, Vol. 142
of NATO Science Series II, pp. 125-132. Dordrecht, Boston, London, Kluwer Academic
Publishers in conjunction with the NATO Scientiﬁc Aﬀairs Division.
• “Flux jumps in magnesium diboride”, D.V. Shantsev, P.E. Goa, F.L. Barkov, A.V. Bobyl,
T.H. Johansen, W.N. Kang, S.I. Lee, M. Khberger, G. Gritzner, M. Roussel, S.X. Dou,
(2004), in Magneto-Optical Imaging, edited by T.H. Johansen and S.V. Shantsev, Vol. 142
of NATO Science Series II, pp. 223-228. Dordrecht, Boston, London, Kluwer Academic
Publishers in conjunction with the NATO Scientiﬁc Aﬀairs Division.
• “Optimization of the second heat treatment process for the enhanced performance of
Bi-2223 multiﬁlamentary tapes”, M. Roussel, A.V. Pan, R. Zeng, H.K. Liu and S.X. Dou,
(2004), presented at the International Cryogenic Materials Conference (ICMC), Wollongong,
Australia
• “Interplay between microstructure and thermo-magnetic instabilities in MgB2 ﬁlms produced by pulsed-laser deposition”, M. Roussel, A.V. Pan, Y. Zhao, S.X. Dou and T.H.
Johansen, (2004), presented at the International Cryogenic Materials Conference (ICMC),
Wollongong, Australia
• “Superconducting and Microstructural Properties of Two Types of MgB2 Films Prepared
by Pulsed Laser Deposition”, Y. Zhao, M. Ionescu, M. Roussel, A.V. Pan, J. Horvat and
S.X. Dou, (2004), presented at the International Cryogenic Materials Conference (ICMC),
Wollongong, Australia

References

166

• “Flux pinning in MgB2 thin ﬁlms grown by pulsed laser deposition” M. Ionescu, Y. Zhao,
M. Roussel, S.X. Dou, R. Ramer and M. Tomsic, (2004), Journal of Optoelectronics and
Advanced Materials, vol. 6 (1), pp. 169-176.
• “Superconducting and microstructural properties of two types of MgB2 ﬁlms prepared by
pulsed laser deposition”, Y. Zhao, M. Ionescu, M. Roussel, A.V. Pan, J. Horvat and S.X.
Dou, (2005) , IEEE Transactions on Applied Superconductivity Vol. 15 (2), pp. 3261-3264.
• “Magnetic ﬂux penetration in MgB2 thin ﬁlms produced by pulsed laser deposition”, M.
Roussel, A.V. Pan, A.V. Bobyl, Y. Zhao, S.X. Dou and T.H. Johansen, (2005), Superconductor Science and Technology, vol. 18 (10), pp. 1391-1395
• “Inﬂuence of the iron sheath on the local supercurrent distribution in MgB2 wires” M.
Roussel, A.V. Pan, S. Zhou and S.X. Dou, (2005), presented at the European Union Conference on Applied Superconductivity (EUCAS), Vienna, Austria.
• “Structure, pinning and supercurrent in YBa2 Cu3 O7 ﬁlms and ReBa2 Cu3 O7 multilayers”,
A.V. Pan, S. Pysarenko, M. Roussel, G. Alvarez and S.X. Dou, (2005), presented at the
European Union Conference on Applied Superconductivity (EUCAS), Vienna, Austria.
• “Microstructure and surface roughness inﬂuence on magnetic ﬂux penetration behavior
in mono and multilayer YBCO thin ﬁlms”, M. Roussel, A.V. Pan, S. Pysarenko and S.X.
Dou, (2006), presented at the 30th Annual Condensed Matter and Materials Meeting, Wagga
Wagga, Australia.
• “Reproducible Nucleation Sites for Flux Dendrites in MgB2 ”, T.H. Johansen, D.V. Shantsev, A.A.F. Olsen, M. Roussel, A.V. Pan and S.X. Dou, (2006), To be published in the
Proceedings of the 30th Annual Condensed Matter and Materials Meeting in Wagga Wagga
on the Australian Institute of Physics Website (AIP).

